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Abstract
Soot particles formed and emitted from (e.g.) direct-injected diesel engines
are dangerous to human health and legislative measures used to reduce emis-
sions pose a technical challenge for manufacturers. Models of soot formation
and oxidation may therefore be useful tools for developing engines and con-
trol strategies. In the present work, a sectional soot model able to reproduce
the soot particle size distribution (PSD) is applied to laminar premixed and
di↵usion flames as well as a reactor system. The soot PSDs in laminar
premixed stagnation flow flames were found to be sensitive to the coagula-
tion collision e ciency and a novel model was developed. The soot model
under-predicted soot volume fraction levels when applied to a set of laminar
ethylene and propane counter-flow di↵usion flames and a sensitivity anal-
ysis suggested further assessment of the formation of poly-cyclic aromatic
hydrocarbons (PAH) was needed. The chemical reaction mechanism was
subsequently assessed using species measurements from a laminar premixed
benzene flame and selected parts of the reaction mechanism reviewed. Rea-
sonable agreement was obtained, including for formation of PAHs. However,
non-existing or insu cient oxidation paths of some PAH species, including
pyrene, may contribute to over-predictions by the soot model during non-
sooting conditions. Formation of PAHs in a laminar ethylene counter-flow
di↵usion flame was investigated next. The agreement between calculations
and measurements was found to be reasonable for major, minor and single
ring aromatic species. However, the calculated concentrations of all PAH
species are under-predicted. The under-prediction of pyrene is comparable
to the under-prediction of the soot volume fraction in some of the di↵usion
flames previously investigated, making the uncertainty of the PAH chem-
istry a possible explanation. Future soot modelling research should therefore
focus on investigating the PAH chemistry for di↵erent types of flames and
fuels.
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1. Introduction
1.1. Motivation: Soot particles and the
environment
Direct-injected diesel engines emit soot particles, also called particulate mat-
ter (PM), that are recognised to be hazardous for the environment and
humans. Generally, studies have shown that human exposure to ambient
aerosols, in which soot from automative applications are included, leads to
health problems. Short term e↵ects include pulmonary and cardiac prob-
lems that can lead to early death. Long term e↵ects includes cancer, lung
and heart disease. Fine (< 2.5 µm) particles are believed to be more prone
to cause health problems than coarser particles. Biological mechanisms
leading to health problems are not clear since many factors, e.g. mass, size,
morphology, surface area and composition, are involved. Studies on cells,
rats and mice have shown that operating conditions of the engine, such
as the load, the state of technology, the use of fossil diesel or fatty-acid
methyl ester (FAME) as fuel and the fuel sulfur content, a↵ects the toxicity
and mutagenic activity of soot. This may be due to di↵erences in physical
properties such as the surface reactivity and the composition of adsorbed
Table 1.1.: The Euro VI emission limits for heavy-duty diesel engines (compression
ignited) [1].
Limit values
Test CO HC NOx1 NH3 PM mass PM number2
cycle [mg/kWh] [mg/kWh] [mg/kWh] [ppm] [mg/kWh] [#/kWh]
WHSC3 1500 130 400 10 10 8.0⇥ 1011
WHTC4 4000 160 460 10 10 6.0⇥ 1011
1The admissible level of NO2 component in the NOx limit value may be defined at a
later stage.
2A new measurement procedure shall be introduced before 31 December 2012.
3World harmonised stationary cycle.
4World harmonised transient cycle.
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inorganics and hydrocarbons, since the adsorbed composition is load depen-
dent, the amount of oil residue in the soot emitted varies with the state of
technology, the acidity depends on the sulfur content of the fuel and there
is a trade-o↵ between adsorbed aromatics and carbonyls when using diesel
fuel or FAME, respectively. Exhaust gas after-treatment can also have an
a↵ect on the particle’s toxicity [2].
Due to the impacts on health from soot and other pollutants such as un-
burned hydrocarbons (HC), nitrogen oxides (NOx) and carbon monoxide
(CO), legislators set limit values for emissions. The sixth step (Euro VI)
in the European Union emission legislation for heavy duty vehicles, which
was introduced in 2013, are shown in Tab. 1.1. Complying with upcoming
emission legislation is a technical challenge for manufacturers. Besides ve-
hicle emission control by federal European legislation, cities across Europe
introduce low emission zones (LEZ) in order to decrease pollution locally
in heavily congested and population dense areas [3]. The LEZ put require-
ments on commercial vehicles entering or operating in a city. An example
is the LEZ scheme in London, which covers the area of the Greater London
Authority that includes central parts and suburbs. Within the zone, lorries
and buses must comply to the Euro IV or later emission standards or oth-
erwise pay a daily charge and rules are enforced by an automatic camera
system. Another example is the LEZ scheme in Stockholm, which only ap-
plies to the central parts of the city, excluding suburbs. Heavy vehicles are
only allowed to enter the zone within 6 years after first registration (8 years
for Euro III standard complying vehicles), meaning that all targeted vehicles
must comply with the Euro IV emission standards by 2015 [3]. While federal
European emission standards challenge manufacturers, the LEZ challenge
transport operators to have a relative modern fleet and thereby reducing
emissions in and around cities. Even though a LEZ scheme is in place in
London, residents and local newspapers have complained about local emis-
sions in an area of high bus tra c [4] and national newspapers have raised
concerns about airborne particulates in London and the rest of East Anglia
after high recent levels [5, 6]. This shows that while technology advances
and more stringent emission legislation is introduced, particulate emissions
still raise public concern.
Soot particle emissions contribute the total amount of hazardous partic-
ulate matter (PM) humans are exposed to. Not all PM emissions come
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PM10 (< 10 µm) in kg⇥10 6 PM2.5 (< 2.5 µm) in kg⇥10 6
PM1.0 (< 1.0 µm) in kg⇥10 6 PM0.1 (< 0.1 µm) in kg⇥10 6
Figure 1.1.: Emission of particulates of di↵erent size classifications in the UK as
a function of year [7, 8]. ©Crown 2014 copyright Defra & DECC
via naei.defra.gov.uk, licenced under the Open Government Licence
(OGL) [9]
from road transportation, but also from other types of transportation, com-
bustion in industries, domestic combustion, electricity and heat generation,
production processes, agriculture and waste. In Fig. 1.1 emissions of par-
ticulates of several size categories in the UK are shown for a time period of
three decades (1982-2012) and it is evident that an overall decrease in PM
emissions has taken place [7, 8]. An interesting historical note is the tem-
porary decrease in PM10 emissions occuring 1984 due to the miners’ strike,
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which decreased the availability of coal to be used for electricity generation
resulting in lower emissions from that particular source [10]. As can be seen
in Fig. 1.1, the road transportation contribution to emissions of PM1.0,
PM2.5 and PM10 emissions (the number is the largest particle size in µm
included in the category) is significant, but is not in any way the dominating
source. However, for emissions of relatively small particles (< 0.1 µm) the
contribution of road transportation is approximately one third of the total
emissions, which is larger compared to the percentage contribution of road
transportation to emissions of PM1.0-10. Not all PM emissions from road
transportation are linked to combustion, but wear on tires, brakes and the
road surface as well as corrosion and resuspension (causing settled PM to
be suspended again) also contribute. For conditions in the UK, non-exhaust
PM emissions may contribute to 50% of PM10 and 25% of PM2.5 emissions
from road transport in cities. However, non-exhaust PM emissions varies
with location, e.g. in Nordic countries where studded tires are used during
the winter resuspension of PM is likely to be higher [11].
1.2. Present contribution
Models of pollutant formation, e.g. soot, can be useful tools when design-
ing engines or other soot relevant combustion devices as well as developing
control systems for such devices. In the current work, a model for soot for-
mation is applied to di↵erent laboratory combustion devices under sooting
and close to sooting conditions. The aromatic chemistry important for soot
formation is also investigated in the same type of systems. The purpose of
this thesis is to further develop and create knowledge about existing compre-
hensive soot and chemistry models applied to fundamental flames in order to
use such models for development of practical combustion devices in the near
future. A sectional soot model, able to calculate the evolution of a soot size
distribution, is coupled to a comprehensive chemical model and applied to
systems including laminar premixed flames, a jet-stirred reactors/plug-flow
reactor system and laminar di↵usion flames. In the analysis of the compu-
tational results of the sectional soot model, processes such as the impact of
intermolecular forces on the coagulation of small (< 10 nm) particles and
formation of aromatic soot precursors are investigated.
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1.3. Thesis outline
The outline of this thesis has the purpose of showing the progress and ma-
jor uncertainties regarding modelling of soot in the investigated systems.
Chapter 2 will discuss fundamental concepts and equations as a theoretical
introduction to the discussion in the subsequent chapters.
In Chapter 3 the oxidation of ethylene, leading to the formation of acety-
lene during fuel rich conditions, is explained and the subsequent growth of
aromatic species by mainly acetylene is explained. The Chemical reaction
mechanisms used in the current work are also explained.
In Chapter 4 the determination of thermodynamic properties of gas phase
species included in the chemical mechanism is discussed.
In Chapter 5 soot modelling is explained by introducing the sectional
numerical approach to aerosol dynamics as well as chemical and physical
processes governing the evolution of the soot particle size distribution.
In Chapter 6 the e↵ect of intermolecular forces on coagulation will be
discussed and useful models of the coagulation collision e ciency will be
derived.
In Chapter 7 soot formation in laminar premixed ethylene stagnation flow
flames is simulated and the impact of the coagulation collision coe cient
model based on intermolecular forces is discussed.
In Chapter 8 soot formation in a JSR/PFR system is investigated, in-
cluding the sensitivity of the PSD to the residence time distribution, chang-
ing the stoichiometry to non-sooting conditions and injection of aromatic
species.
In Chapter 9 laminar ethylene and propane counter-flow di↵usion flames
with varying oxidant concentration in the oxidant stream are simulated and
the sensitivities towards model and experimental uncertainties are investi-
gated.
In Chapter 10 parts of the reaction mechanism is reviewed and assessed,
particularly the PAH formation and oxidation, by comparing calculated
mole fraction profiles with measurents in a low pressure premixed laminar
benzene flame.
In Chapter 11 PAH formation in a laminar ethylene counter-flow di↵usion
flame is investigated. The impact on soot formation in the previous inves-
tigated sooting flames due to the suggested improvements of the chemical
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mechanism from Chapter 10 will also be presented.
In Chapter 12 the conclusion of the present work and recommendations
for future research are presented.
1.4. Papers published during the course of the
current work
Below a list can be seen of papers (both journal and conference papers)
that were published while the research, leading to the present work, was
conducted. The papers will be referred to and in two cases the included
results will be presented in this thesis.
• R. P. Lindstedt, B. B. O. Waldheim and R. K. Robinson, The sen-
sitivity of soot particle size distributions to soot inception and PAH
coagulation models, in 8th International Symposium Towards Cleaner
Diesel Engines, pp. 36–39, Shell Global Solutions (UK), Chester, 2011.
• R. P. Lindstedt and B. B. O. Waldheim, The sensitivity of soot par-
ticle size distributions to residence time and inception chemistry in a
jet-stirred reactor, in International Sooting Flame Workshop, p. 32,
Warsaw, 2012.
• R. P. Lindstedt and B. B. O. Waldheim, Modeling of soot particle size
distributions in premixed stagnation flow flames, Proceedings of the
Combustion Institute 34 (2013), 1861–1868.
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2. Basic chemistry and physics
relevant to flame
2.1. Thermochemistry
Combustion involves many physical and chemical phenomena, e.g. fluid flow,
thermodynamic processes and chemical reactions, which are all more or
less coupled. Simulation of flames thus requires mathematical relation-
ships discribing these phenomena and in this chapter the basic concepts
and equations will be presented. First the thermodynamic properties used
when describing a flame will be discussed; the next section will describe
the fundamentals of chemical kinetics; in a subsequent section the partial
di↵erential equations governing the flow will be introduced and in the final
section molecular transport properties apearing in those equations will be
explained.
The mass (Y ) and mole (X) fractions are the contributions of a species
to the total mass or the total chemical amount of a mixture, respectively.
The mean molecular weight (W¯ ) can conveniently be calculated using these
quantities,
W¯ =
1Pnsp
k=1
Yk
Wk
=
nspX
k=1
WkXk (2.1)
where nsp is the number of chemical species andWk are individual molecular
weights. The state of a gas in a flame can be assumed to follow the ideal
gas law
pV = nRT (2.2)
where p is the pressure V is the volume, n is the chemical amount, R is
the universal gas constant and T is the temperature. Note that di↵erent
fonts will some times be used in order to avoid conflicts between variables
appearing in the same context (i.e. chapter). By combining Eq. (2.1) and
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(2.2) the density (⇢) can be calculated:
⇢ =
W¯p
RT
(2.3)
The internal energy is the sum of the kinetic and potential energy (including
electronic energy etc.) of all the molecules in the system and is designated
by em [12]. In this thesis, thermodynamic properties with m as a subscript
will be on a molar basis and those without will be on a mass basis. The
molecular weight of the individual species or the mean molecular weight
can be used to convert between them. The derivative of the internal energy
with respect to temperature at constant volume is 
@em
@T
!
V
= Cv,m (2.4)
and is called the specific heat capacity at constant volume. The brackets
surrounding the derivative with a variable as a subscript, e.g in the case
above the volume, symbolise that the derivation is made while letting the
subscript variable be constant [12]. The molar enthalpy (hm) and Gibbs
free energy (gm) is defined in Eqs. (2.5) and (2.6) respectvely.
hm = em + pV (2.5)
gm = hm   Tsm (2.6)
In Eq. (2.6) sm is the entropy [12]. The enthalpy per unit of mass (h) of
an ideal gas mixture is a linear combination of the specific enthalpy of the
individual components (hk), as is shown in Eq. (2.7).
h =
nspX
k=1
Ykhk (2.7)
The enthalpy of the individual species and, by linear combination, the en-
thalpy of the mixture can be divided into chemical (hc) and sensible parts
(hs) [13]:
h = hc + hs (2.8)
The chemical part consists of the enthalpy located in chemical bonding and
the sensible part consists of the temperature dependent contribution to the
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enthalpy [13]
hs(T ) =
Z T
T0
CpdT (2.9)
where Cp is the specific heat capacity at constant pressure (often just called
the specific heat capacity) [12]
Cp =
 
@h
@T
!
p
(2.10)
and T0 is a reference temperature. The heat capacity at constant pressure
and the heat capacity at constant volume are for an ideal gas related through
the relationship in Eq. (2.11).
Cp,m = Cv,m +R (2.11)
The chemical enthalpy of an individual species is often called the enthalpy of
formation ( hf,k) and is relative to the enthalpy of the stable compounds of
the elements that the species consists of [12]. The enthalpy of an individual
species is thus [13]:
hk =  hf,k +
Z T
T0
CpdT (2.12)
Gas phase species thermodynamic data as a function over a large range of
temperatures are usually for combustion applications provided by JANAF
polynomials [14]. From the JANAF polynomials thermodynamical prop-
erties of a species, e.g. hm,k, sm,k, Cp,m,k and gm,k, can be calculated as
functions of temperature.
When chemical reactions occur in the mixture situated in a closed adia-
batic system at constant pressure, the total enthalpy does not change while
the chemical and the sensible enthalpy change in opposite equal amounts:
 h =  hc + hs = 0 (2.13)
These changes will impact the temperature through Eq. (2.9) via the heat
release during combustion. The evolution of the enthalpy in an arbitrary
system of reactive content where  h may have values other than zero due
to transport of enthalpy will be discussed in a subsequent section.
The overall chemical change during complete combustion of a fuel, in this
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example for ethylene, can be summarised by an overall chemical equation:
C2H4 + 3O2  *) 2CO2 + 2H2O (2.14)
Equation 2.14 shows combustion during stoichiometric conditions; when the
chemical amount of fuel and oxygen is such that all the fuel is consumed
while no oxygen remains afterwards. If Z = YO2/Yf is the ratio between
the mass of oxygen and the fuel locally or globally and Zst = (YO2/Yf )st is
the same ratio during stoichiometric conditions with the same oxidant and
fuel, then the stoichiometric ratio ( ) is defined as [13]:
  =
Zst
Z
=
 
YO2
Yf
!
st
Yf
YO2
(2.15)
When   = 1 the mixture is stoichiometric,   < 1 the mixture is lean (oxy-
gen is in excess to available fuel) and   > 1 the mixture is rich (oxygen is in
deficit to available fuel). Equation (2.14) is a global reaction, but elemen-
tary reactions involving stable and radical intermidiates are the incremental
chemical changes actually occurring. The rates of elementary reactions will
be discussed in the subsequent section. However, it should be noted that
reaction schemes involving a small set of global reactions can reasonably pre-
dict major species concentrations in both laminar di↵usion and premixed
flames as well as laminar flame speeds under certain conditions [15, 16].
Most elementary reactions occurring during combustion involve one or two
radicals due to their significant concentration at the temperatures found in
flames. All radicals in this work can be identified by having an odd number
of hydrogen atoms or, when acronyms are used, by the having ”(R)” writ-
ten in the end of the acronym. The inclusion of a number when expressing
that an acronym represents a radical (e.g. ”(R1)”) specify the site of the
unpaired electron where this is of importance.
2.2. Chemical reaction kinetics
The forward and backward rate (Rfj and R
r
j , respectively) of an elementary
reaction j (all gas-phase reactions are assumed to be reversible in this work
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if nothing else is stated)
⌫AA+ ⌫BB  *) ⌫CC+ ⌫DD (2.16)
are dependent on the concentration of the reactants and the products, re-
spectively, powered to their stoichiometric coe cients (⌫ 2 [1, 2] usually),
respectively [17]:
Rfj = k
f
j [A]
⌫A [B]⌫B (2.17)
Rrj = k
r
j [C]
⌫C [D]⌫D (2.18)
In Eq. (2.17) kfj is the forward rate constant and Eq. (2.18) k
r
j is the back-
ward rate constant of reaction j. Square brackets indicate the concentration
of a species. The sum of stoichiometric coe cients in any direction indicates
the order of the reaction in that direction. Most elementary reactions are of
first or second order, meaning that either one or two molecules (which can
belong to the same specie), respectively, participate. However, in some cases
of gas-phase reactions collisions with a third body, assigned the symbol M
and can be any species, participate in the reaction and will be discussed
further below [18]. Equations (2.19) and (2.20) show examples of a general
first and a second order reaction, respectively.
A  *) Products (2.19)
A + B  *) Products (2.20)
All reversible reactions will proceed towards chemical equilibrium. The
conditions, using the reaction in Eq. (2.16) as an example, at chemical
equilibrium is
[A]⌫A [B]⌫B
[C]⌫C [D]⌫Dc⌫A+⌫B ⌫C ⌫D0
= Keq,j (2.21)
where Keq,j is the equilibrium constant of reaction j and
c0 (= p0/RT where p0 = 1 atm) is a reference concentration due to that
Keq is dimensionless [12]. The equilibrium constant is related to the ther-
modynamic properties through the change of Gibbs free energy related to
the reaction ( gr,m,j) [12]
lnKeq,j =   gr,jm,jRT (2.22)
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where gr,j is defined (in the framework of the generic reaction in Eq. (2.16))
as:
 gr,m,j = ⌫Cgm,C + ⌫Dgm,D   ⌫Agm,A   ⌫Bgm,B (2.23)
At chemical equilibrium Eqs. (2.19) and (2.20) will give an equal forward
and backward rate since no net change of concentrations occur. This re-
lationship between the rates together with Eq. (2.21) lead to the following
relationship between forward and backward rate constants and the equilib-
rium constant [12]:
kfj
krj c
⌫A+⌫B ⌫C ⌫D
0
= Keq (2.24)
The significance of Eq. (2.24) is that only one rate constant needs to be
known in order to calculate the net rate of a reversible reaction. The reaction
rate constants are dependent on the temperature according to the modified
Arrhenius expression
k = ATnexp
⇣
  Ea
RT
⌘
(2.25)
where A is the pre-exponential factor, n is the temperature dependency and
Ea is the activation energy.
Some reactions rate constants display a pressure dependence. An example
is the following dissociation scheme (called the Lindemann scheme) involving
a third body [18]:
A +M  *) A⇤ +M (2.26)
A⇤ ! Products (2.27)
Let kf and kb be the forward and backward rate constant of the first re-
action, respectively, and kp be the forward rate constant of the second
irreversible reaction. Through a steady state analysis (d[A⇤]/dt ⇠ 0) it can
be shown that the rate constant of dissociation kdiss is:
  1
[A]
d[A]
dt
=
kfkp[M]
kb[M] + kp
= kdiss (2.28)
At high pressures (i.e. at high values of [M]) the high-pressure rate constant
(kdiss,1) is:
kdiss,1 =
kfkp
kb
(2.29)
When the pressure becomes su ciently low, Eq. (2.28) converges to the
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low-pressure rate constant (kdiss,0):
kdiss,0 = kf [M] (2.30)
However, many flame conditions fall in a pressure range between these two
rate constant extremes; the so called fall o↵ range. There exists a couple of
schemes used to determine the rate constant within this region as a function
of pressure based on the low- and high-pressure rate constants [19].
2.3. Conservation equations
2.3.1. Introduction to conservation equations
In order to describe flames and other technical or naturally occuring systems
mathematically, conservation equations are formulated for the variables de-
scribing the system and that are conserved by laws of nature. In the case of
flames, the fundamental variables considered to describe the system are usu-
ally the velocity field (i.e. momentum), enthalpy and species concentrations
(i.e. mass fractions) [13]. The conservation equations describe the change
of a variable in an infinitesimal control volume due to transport across the
boundaries of the control volume and processes inside the control volume,
according to the principle of conservation of momentum, mass and energy.
The conservation equations describing a flame are of the mathematical class
called partial di↵erential equations (PDE) due to that time and space make
up a set of several independent variables. All conservation equations are
more or less coupled in a flame depending on the conditions, thereby form-
ing a PDE system. Due to the assumed geometrical symmetry of a system,
e.g. axial symmetry, the spatial dimension of the PDEs may be reduced
and the solution of some conservation equations becomes trivial, e.g the
momentum in a laminar premixed flame [16]. Assumptions regarding the
physics of the flow may also be used to reduce the dimensionality of the
problem, e.g. as in the case of laminar counter-flow di↵usion flames [16,20]
and the case of pre-mixed stagnation flow flames [21, 22]. Among special
cases are the many chemical reactor models, e.g. the continueously-stirred
tank reactor (also called well-stirred reactor or, when mixing is achieved by
a jet, jet-stirred reactor) and the plug-flow reactor [23], where the system
only depends on the time. This reduces the PDE system to a system of
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ordinary di↵erential equations (ODE). In the subsections below, the con-
servation equations for velocity (momentum), mass fractions of species and
enthalpy are defined. These equations will include terms arising from molec-
ular transport of momentum (viscous stresses), mass (molecular di↵usion)
and enthalpy (thermal conduction). The transport properties associated
with these processes will be described in the subsequent section. The ap-
plied form of the conservation equations shown below varies according to
the geometry as discussed in the following chapters.
2.3.2. Momentum conservation equation
The conservation equation for momentum (also called the momentum equa-
tion) in tensor form can be seen in Eq. (2.31) [13], where uj is the velocity
field and fk,j is the volumetric force on species k in the xj-direction.
@⇢uj
@t
+
@⇢uiuj
@xi
=
@p
@xj
+
@⌧i,j
@xi
+ ⇢
nspX
k=1
Ykfk,j (2.31)
The last term can for many combustion systems, e.g. in the absence of
ions in combination with magnetic or electric fields, be considered to only
be due to the gravity (⇢
PNsp
k=1 Ykfk,j = ⇢gi), where gi is the gravitational
acceleration in the system. The viscous stress tensor appearing in Eq. (2.31)
is shown in Eq. (2.32)
⌧i,j =  2
3
µ
@uk
@xk
 i,j + µ
⇣@ui
@xj
+
@uj
@xi
⌘
(2.32)
2.3.3. Species conservation equation
The conservation of chemical species and also soot is based on the conser-
vation of mass which is mathematically expressed as [13]
@⇢
@t
+
@⇢ui
@xi
= 0 (2.33)
and called the continuity equation. For species and in a similar way also for
soot particles, the conservation equations are in the form [13]
@⇢Yk
@t
+
@
@xi
 
⇢
 
ui + Vk,i
 
Yk
 
= RkWk (2.34)
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where Vk,i is the di↵usion velocity of species k in the xi-direction. The di↵u-
sive velocities are, when di↵usion due to temperature gradients is neglected,
theoretically described by the system of equations in Eq. (2.35), where Dp,k
is the binary di↵usion coe cient of species p di↵using in species k [13].
rXp =
nspX
k=1
XpXk
Dp,k
 
Vk   Vp
 
+
 
Yp  Xp
 rp
p
+
⇢
p
nspX
k=1
YpYk
 
fp   fk
 
(2.35)
However, Eq. (2.35) is a nsp ⇥ nsp system that needs to be solved in each
point and in each direction for each time step, making it too expensive to
be practically used [13]. Instead the Hirschfelder and Curtis approximation,
which is a first order approximation of the exact solution of Eq. (2.35), can
be used [13]. The di↵usion velocity for each species is by this approximation
V approxk Xk =  DkrXk =  Dk
⇣
rYk   1nwrnw
⌘
(2.36)
where
Dk =
1  YkP
j 6=kXj/Dj,k
(2.37)
and nw is the inverse of the mean molecular weight, which can be seen in
Eq. (2.38).
nw =
nspX
k=1
Yk
Wk
(2.38)
The direct use of Eqs. (2.36) and (2.37) in Eq. (2.34) can oppose the principle
of conservation of mass, since the sum of all species conservation equations
should be equal to the continuity equation [13]. In order to conserve mass
a correction velocity
V ci =
nspX
k=1
Dk
 
@Yk
@xi
  1
n
@n
@xi
!
(2.39)
is added to the left hand side of the species equations resulting in Eq. (2.40) [13].
@⇢Yk
@t
+
@
@xi
 
⇢
 
ui + V
c
i
 
Yk
 
=
@
@xi
 
⇢Dk
 
@Yk
@xi
  1
n
@n
@xi
!!
+RkWk
(2.40)
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The di↵usive velocity of a species is therefore
Vk,i = Vc  Dk 1Yk
 
@Yk
@xi
  1
n
@n
@xi
!
(2.41)
according to the Hirschfelder and Curtis approximation [13] while satisfying
mass conservation.
2.3.4. Enthalpy conservation equation
The conservation of enthalpy is based on the conservation of energy and
either the enthalpy or the sensible enthalpy can be used [13]. The con-
servation equation of enthalpy neglecting viscous heating and body forces
is [13]
@⇢h
@t
+
@⇢uih
@xi
=
Dp
Dt
  @qi
@xi
+ Q˙ (2.42)
where qi is the heat flux in the xi-direction and Q˙ is a heat source/sink (e.g.
radiation). The conservation equation with the same type of assumptions
for the sensible enthalpy is:
@⇢h
@t
+
@⇢uih
@xi
=
Dp
Dt
  @qi,s
@xi
+ Q˙+
nspX
k=1
hf,kRk (2.43)
The heat flux term (qi) in Eqs. (2.42) and (2.43) depends both on thermal
conduction (  rT ) and the di↵usion velocities of the species. In Eqs. (2.44)
and (2.45) the heat flux term is shown for the enthalpy and the sensible
enthalpy, respectively [13].
qi =    @T
@xi
+ ⇢
nspX
k=1
hkVk,iYk (2.44)
qi,s =    @T
@xi
+ ⇢
nspX
k=1
hs,kVk,iYk (2.45)
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The gradient of temperature in Eqs. (2.42) and (2.43) can be expressed,
through the chain rule, as the gradient of enthalpy or sensible enthalpy:
 
@T
@xi
=  
@h
@xi
@T
@h
=
 
cp
@h
@xi
(2.46)
 
@T
@xi
=  
@hs
@xi
@T
@hs
=
 
cp
@hs
@xi
(2.47)
The resulting conservation equations for the enthalpy and the sensible en-
thalpy can be seen in Eqs. (2.48) and (2.49).
@⇢h
@t
+
@⇢uih
@xi
=
Dp
Dt
+
 
cp
@h
@xi
  ⇢
nspX
k=1
hkVk,iYk + Q˙ (2.48)
@⇢h
@t
+
@⇢uih
@xi
=
Dp
Dt
+
 
cp
@hs
@xi
  ⇢
nspX
k=1
hs,kVk,iYk + Q˙+
nspX
k=1
hf,kRk (2.49)
2.4. Molecular transport
In all conservation equations above, there are terms that arise from the
transport of the conserved property by movements of molecules and which
are dependent on their respective transport property, i.e. the di↵usion coef-
ficients, thermal conductivity and viscosity. For an ideal gas these are [12]
D =
1
3
 mc¯ (2.50)
  =
1
3
 mc¯ctotCv,m (2.51)
µ =
1
3
 mc¯ctotW (2.52)
where  m is the mean free path and c¯ is the mean velocity of the molecules
and ctot is the total concentration. Equations (2.50) to (2.52) show that
the transport properties depends on common gas properties (i.e. the mean
free path and the mean velocity of the molecules), which in turn depend on
the collision diameter and the mass of the molecules [12]. However, for real
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gases the inter-molecular forces between molecules have an impact on the
transport properties. A model for how molecules attract and repulse each
other is the Lennard-Jones potential
VLJ(r) = 4 m
✓✓
 
r
◆12
 
✓
 
r
◆6◆
(2.53)
where  m is the potential minimum and   is a length scale parameter.
Assuming this model for inter-molecular forces and that the molecules do
not exchange internal energy (i.e. vibrational and rotational energy), the
binary di↵usion coe cients can be calculated as a first order approximation
by Eq. (2.54) [24].
Di,j =
3(kbT )3/2
8p 2i,jW
(1)
12 (1)
 
mi +mj
2⇡mimj
!1/2
(2.54)
In Eq. (2.54) kb is the Boltzmann constant,  i,j = ( i+ j)/2 is an estimation
of the length scale of the binary potential. The term W (1)12 (1) is a function
of the reduced temperature
Tr = kbT/ m,i,j (2.55)
where the minimum of the binary potential is estimated by
 m,i,j = ( m,i m,j)1/2 and function values can be found in the book of Chap-
man and Cowling [24]. The viscosity of a gas consisting of only one com-
ponent k can be be calculated with the same assumption as above through
Eq. (2.56) as a first order approximation [24].
µk =
5(kbmkT )1/2
8 2kW
(2)
k (2)
(2.56)
The function W (2)k (2) in Eq. (2.56) is also dependent on the reduced tem-
perature in Eq. (2.55) and values can also be found in the book of Chapman
and Cowling [24]. In order to estimate the viscosity of a gas mixture, the
first order mixing rule of Wilke can be used and is shown in Eq. (2.57) [25].
µ =
nspX
i=1
YiµiPnsp
j=1 Yj i,j
(2.57)
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The term  i,j is calculated by the following expression:
 i,j =
(1 + (µi/µj)1/2(Wj/Wi)1/4)2
8(1 +Wi/Wj))1/2
(2.58)
In order to estimate the thermal conductivity accurately, exchange of inter-
nal energy has to be accounted for [24, 26]. The thermal conductivity for a
gas consisting of a species k can be expressed as
 k = FkµkCv,k (2.59)
where Fk is factor that incorporates the exchange of internal energy. As-
suming that the exchange between vibrational and kinetic energy is slow and
can be neglected while the exchange between rotational and kinetic energy
is significant, the term Fk can be calculated through Eq. (2.60) [24, 26].
Fk =
15
4
(    1) + 1
2Sck,k
(5  3 ) 
⇣5
2
  1
Sck,k
⌘2
(    1) Crot
⇡Zrot
(2.60)
In Eq. (2.60)   = Cp,m/Cv,m is the ratio of specific heat capacities, Sck,k =
0.7575 is the self di↵usion Schmidt number (see Eq. (2.63)), Cv,rot is the
by R normalised contribution to the specific heat capacity at constant vol-
ume from rotational modes and Zrot is the number of collisions required to
achieve equilibrium between transfer between kinetic and rotational energy.
The estimation of the thermal conductivity of a gas mixture is similar to
the mixing rule for viscosity:
  =
nspX
i=1
Yi iPnsp
j=1 Yj i,j
(2.61)
Since the transport properties above depend on common gas properties,
it is useful to relate the transport properties to each other by using di-
mensionless numbers [13]. The Prandtl number is the ratio of between the
kinematic viscosity (⌫ = µ/⇢) and thermal di↵usivity (↵ =  /(⇢Cp)):
Pr =
⌫
↵
=
µCp
 
(2.62)
The Schmidt number is the ratio between the kinematic viscosity and the
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di↵usion coe cient:
Sc =
⌫
D
=
µ
⇢D
(2.63)
The Lewis number is the ratio between the thermal di↵usivity and the
di↵usion coe cient:
Le =
↵
D
=
 
⇢CpD
=
Sc
Le
(2.64)
Note that the Schmidt number and the Lewis number can be defined for
individual species using their individual di↵usion coe cients.
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3. The flame chemistry of ethylene
and aromatic species
3.1. Applied chemical reaction mechanisms
In the previous soot modelling studies [27, 28] the gas phase chemistry up
to naphthalene was based on the model of Lindstedt et al. [29] and further
developed by Potter [30] and Markaki [31] together with co-workers, which
includes 269 species and 1445 reactions. The naphthalene to pyrene mecha-
nism by Wang and Frenklach [32] was added to the base mechanism, which
resulted in a final mechanism of 285 species and 1520 reactions. The oxida-
tion chemistry of cyclopentadiene has recently been investigated by Robin-
son and Lindstedt [33] and is included in the current mechanism. The study
of indene oxidation by Lindstedt et al. [34] is also included in the present
mechanism. Growth of PAH typically involves addition of acetylene [32].
As part of the current work [22], PAH growth paths parallel to the acety-
lene addition path involving C3-species such as the propargyl radical, allene,
propyne and the allyl radical as well as addition of triplet state carbene were
introduced. This C3-growth mechanism was developed by introducing a set
of possible growth reactions by C3-species and class based rate estimates.
High accuracy thermodynamic data were then calculated (described in the
subsequent chapter) for intermediates. This keeps species concentrations
reasonable, despite reaction rate uncertainties, by imposing comparatively
accurate equilibrium limits. The starting points of the C3-growth mecha-
nism are naphthalene or acenaphthalene and the final product is pyrene. Im-
portant intermediates include phenalene, cyclopenta[a]naphthalene, pyrene
and cyclopenta[def]phenanthrene. The reaction mechanism with the C3-
growth includes 357 species and 1785 reactions. However, it was found that
the C3-growth mechanism typically makes only a minor contribution to soot
formation [22] and simplifiactions are accordingly possible.
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In Appendix A, thermodynamic properties and structures of species for
which the former have recently been calculated [22,28] are shown in Tab. A.1
and in Tab. A.2 the structure of species included in the mechanism and not
already included in the former table are shown. Observe that compounds
may not be shown in their optimum conformation. In Appendix B, the full
mechanism is shown in Tab. B.1 with corresponding collision e ciencies and
fall-o↵-parameters shown in Tabs. B.2 and B.3, respectively, and the C3-
growth mechanism is particularly shown in Tab. B.4. In this work, selected
parts of the reaction mechanism have been reviewed and improvements are
suggested in Chapters 10 and 11 and corresponding rate constants can be
seen in Tabs. 10.1 and 11.1.
Below the conversion of ethylene in premixed ethylene flames [35] and
formation of aromatic species in the mechanisms of Lindstedt et al. [29] and
Wang and Frenklach [32] are outlined and followed by a description of the
steps in the C3-growth mechanism.
3.2. Conversion of ethylene during combustion
Ethylene (C2H4) is a key intermediate during oxidation of alkane fuels [35].
Since ethylene is the primary fuel studied in this thesis a brief summary of
the primary consumption routes of ethylene can be found below with the
purpose of showing how ethylene during rich conditions forms acetylene,
which is important for soot formation, and during lean condition forms
intermediates that do not lead to soot formation. The summary is based
on the study of Lindstedt and Skevis [35] of ethylene combustion in two
(one lean and one rich) low pressure premixed laminar flames. However, in
Chapter 11 the conversion of ethylene will additionally be investigated in a
laminar counter-flow di↵usion flame. During lean conditions, the majority
of the ethylene is consumed by reacting with the O atom. The resulting
products (in the order of decreasing yields) are the methyl radical (CH3)
and the formyl radical (CHO), the vinoxy radical (CH2CHO) and H as
well as formaldehyde (CH2CO) and H2. It has also been proposed that
the products ketene (CH2O) and triplet state cerbene (CH2(T)) may be
more significant than the CH2CHO and H producing path. Abstraction
by the H atom leading to the vinyl radical (C2H3) is also a significant
consumption step of ethylene. Below these significant primary conversion
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steps of ethylene are summarised:
C2H4 +O  *) CH3 +CHO (3.1)
C2H4 +O  *) CH2CHO+H (3.2)
C2H4 +O  *) CH2CO+H2 (3.3)
C2H4 +H  *) C2H3 +H2 (3.4)
During rich conditions abstraction by H, as in Eq. (3.4), and OH to form the
vinyl radical dominate, but addition of H to form the ethyl radical (C2H5)
is also significant:
C2H4 +OH  *) C2H3 +H2O (3.5)
C2H4 +H  *) C2H5 (3.6)
From the description of the ethylene consumption above it can be concluded
that for lean and rich flames the methyl radical (CH3) and the vinyl radical
are the major products. During lean conditions the vinyl radical reacts
with oxygen according to the scheme in Eqs. (3.7) to (3.9), where C2H2 is
acetylene.
C2H3 +O2  *) CH2O+CHO (3.7)
C2H3 +O2  *) C2H2 +HO2 (3.8)
C2H3 +O2  *) CH2CHO+O (3.9)
Lindstedt and Skevis [35] noted uncertainties regarding the branching of the
reaction involving the vinyl radical and oxygen. During rich conditions the
vinyl radical is mainly consumed by decomposition and abstraction shown in
Eqs. (3.10) and (3.11), respectively, to form acetylene. The decomposition
reaction is faster than the abstraction reaction.
C2H3  *) C2H2 +H (3.10)
C2H3 +H  *) C2H2 +H2 (3.11)
The vinoxy radicals (CH2CHO) that are formed through Eqs. (3.2) and
(3.9) can either decompose to ketene (CH2CO) or isomerise to the acetyl
radical (CH3CO) which subsequently decompose to the methyl radical and
53
carbon monoxide:
CH2CHO  *) CH2CO+H (3.12)
CH2CHO  *) CH3CO (3.13)
CH3CO  *) CH3 +CO (3.14)
The acetylene formed during rich conditions through the reactions in
Eqs. (3.10) and (3.11) is important for soot formation since aromatic soot
precursors are formed and grow through reaction sequences involving acety-
lene, which will be discussed in the subsequent section. Acetylene is also
important for soot surface growth, which will be discussed in Chapter 5.
3.3. Background to the formation of aromatic
species
3.3.1. Formation of benzene
Fuel rich combustion of hydrocarbons leads to the formation of acetylene
as discussed in the previous section. Acetylene is a precursor to aromatic
species and eventually soot. Lindstedt and Skevis [36] provide a summary
of the most important pathways leading to benzene (C6H6), which is the
first aromatic ring. The propargyl radical (C3H3) is a key intermediate in
the formation benzene. A major formation route of the propargyl radical is
the reaction between acetylene and singlet carbene.
C2H2 +CH2(S)  *) C3H3 +H (3.15)
Hydrogen abstraction from propyne is another formation path of the propar-
gyl radical. Consumption paths of the propargyl radical involve reactions
with the H, O and OH radicals. In the formation of benzene and its con-
jugate radical, the phenyl radical (C6H5), the intermediate steps, involving
linear species containing six carbon atoms, are important. In Fig. 3.1 the
Figure 3.1.: The structure of benzene (left) and the phenyl radical (right).
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Figure 3.2.: The structure of C6H6-isomers involved in the recombination of
the propargyl radical leading to benzene. (a) 1,2,4,5-hexatetraene
(C6H6(S)); (b) 1,2-hexadiene-5-yne (C6H6(B)); (c) 1,5-hexadiyne
(C6H6(A)); (d) fulvene (f -C6H6).
structures of benzene and the phenyl radical are shown and in Fig. 3.2 other
important C6H6-isomers are shown. The recombination of propargyl forms
mainly 1,2,4,5-hexatetraene (C6H6(S))
C3H3 +C3H3  *) C6H6(S) (3.16)
but also 1,2-hexadiene-5-yne (C6H6(B)) and 1,5-hexadiyne (C6H6(A)) in
a lesser amount. Fulvene (f -C6H6) is formed by isomerisation of 1,2,4,5-
hexatetraene
C6H6(S)  *) C6H6(F), (3.17)
and the formed fulvene isomerises at a fast rate in flame conditions to ben-
zene.
C6H6(F)  *) C6H6, (3.18)
Isomerisation to fulvene can also be undergone by 1,2-hexadiene-5-yne.
However, the third possible product, 1,5-hexadiyne, isomerises to 1,2,3,4,5-
hexa-tetraene and, subsequently, to fulvene. The structures of the inter-
mediate C6-species involved in the recombination of the propargyl radical
described above are shown in Fig. 3.2. Robinson and Lindstedt [33] updated
the rates of some propargyl recombination steps, but the importance of the
pathways remain.
Another important benzene formation pathway is the addition of acety-
lene to the 1-buten-3-yn-1-yl radical (C4H3(N)) producing the 1,3-hexadien-
5-yn-1-yl radical (C6H5(B))
C4H3(N) + C2H2  *) C6H5(B), (3.19)
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Figure 3.3.: The structure of C4-species important for benzene formation. (a) viny-
lacetylene (C4H4); (b) the 1-buten-3-yn-1-yl radical (C4H3(N)); (c)
1,3-butadiene (C4H6); (d) the 1,3-butadienyl radical (C4H5(T)).
which forms the phenyl radical subsequently:
C6H5(B)  *) C6H5 (3.20)
Three other formation paths through C4-species are included in the current
mechansim. The first one is the addition of the vinyl radical to 1,3-butadiene
(C4H6(T)) to form cyclohexadiene (C6H8).
C4H6(T) + C2H3  *) C6H8 +H (3.21)
The second one is the addition of the 1,3-butadien-1-yl radical (C4H5(T))
to acetylene to form the 1,3,5-hexatrienyl radical (C6H7(L)).
C4H5(T) + C2H2  *) C6H7(L) (3.22)
The third pathway is the direct formation of benzene via vinyl radical ad-
dition to vinylacetylene (C4H4).
C4H4 +C2H3  *) C6H6 +H (3.23)
The cyclohexadiene formed above (see Eq. (3.21)) subsequently forms ben-
Figure 3.4.: The structure of C6-species which are intermediate products in reac-
tions involving C4-species leading to benzene. (a) The 1,3-hexadie-
5-ynyl radical (C6H5(B)); (b) cyclohexadiene (C6H8); (c) the 2,4-
cyclohexadienyl radical (C6H7); (d) the 1,3,5-hexatrienyl radical
(C6H7(L)).
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zene through elimination of hydrogen or through two hydrogen elimination
steps via the cyclohexadienyl radical (C6H7):
C6H8  *) C6H6 +H2 (3.24)
C6H8  *) C6H7 +H (3.25)
C6H7  *) C6H6 +H (3.26)
The 1,3,5-hexatrienyl radical formed above (see Eq. (3.22)) isomerises to
the cyclohexadienyl radical. The structures of the C4-species and C6-species
mentioned above are shown in Figs. 3.3 and 3.4, respectively.
3.3.2. Formation of naphthalene
Figure 3.5.: The N1 naphthalene formation pathway involving two HACA steps on
the benzene ring [29].
After the formation of benzene, larger aromatics are subsequently formed
with two-ringed naphthalene (C10H8) being an important PAH. The naph-
thalene formation pathways included in the current reaction mechanism [29]
are outlined below. In ethylene flames one of the major pathways of naph-
Figure 3.6.: The N2 naphthalene formation pathway involving a HACA steps on
the benzene ring followed by a step on the side chain [29].
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Figure 3.7.: Formation path of naphthalene involving addition of vinylacetylene to
the phenyl radical [29].
thalene formation is through hydrogen abstraction carbon addition (HACA)
steps, where a hydrogen is abstracted from the aromatic compound and
acetylene is added to the radical site. Two such naphthalene formation
pathways, N1 and N2, are shown in Figs. 3.5 and 3.6. In the N1 pathway
hydrogen is abstracted and acetylene is added to the ring twice while in
the N2 pathway the second HACA step involves the side chain and is less
thermodynamically favoured. It is possible that naphthalene can be formed
by addition of vinylacetylene to the phenyl radical. In Fig. 3.7 one such
pathway (N3) is shown. However, this pathway makes a small contribu-
tion (⇠ 5%) to naphthalene formation. In other possible vinylacetylene
addition pathways the addition step leads to the formation of phenyl-butyn-
1-ene (C10H8(G)) and phenyl-butyn-3-ene (C10H8(J)). Structures of species
involved in these steps are shown in Fig. 3.8.
C6H5 +C4H4  *) C10H8(G) + H (3.27)
C6H5 +C4H4  *) C10H8(J) + H (3.28)
C10H8(G) + H  *) C10H9(T) (3.29)
C10H8(J) + H  *) C10H9(T) (3.30)
Figure 3.8.: The structure of phenyl-butyn-1-ene (a), phenyl-butyn-3-ene (b) and
the 1-hydro-naphtalenyl radical (c).
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Figure 3.9.: Naphthalene formation paths through addition of acetylene to (left)
the styrenyl radical and (right) the ortho-ethynyl-phenyl radical [29].
C10H9(T)  *) C10H8 +H (3.31)
Acetylene addition to the styrenyl radical (the N4 pathway), which is shown
in Fig. 3.9, has a minor contribution to naphthalene formation. However,
the addition to the ortho-ethynyl-phenyl radical (the N5 pathway) may con-
tribute if the fuel is aromatic and is also shown in Fig. 3.9. Formation of
naphthalene through addition of the propargyl radical to the benzyl radical
(the N6 pathway) and the mortho-ethynyl-phenyl radical (the N7 pathway)
is sensitive to if toluene is used as a fuel, but the amount of sensitivity is
not supported by experiments. The N6 pathway is shown in Fig. 3.10.
The cyclopentadienyl radical (C5H5) is a resonance stabilised cyclic rad-
ical formed during fuel rich conditions or from oxidation of aromatic fuels.
The recombination of the cyclopentadienyl radical is a possible naphthalene
formation path where the stabilisation of the intermidiate C5H5-C5H4 is
accounted for.
C5H5 +C5H5  *) C5H5-C5H4 +H (3.32)
Figure 3.10.: The formation of naphthalene through addition of the propargyl rad-
ical to the benzyl radical [29].
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Figure 3.11.: The structure of cyclopentadienyl (a), the bi-cyclopentadienyl radical
(b) and the 2-Hydro-naphtalenyl radical (c).
C5H5-C5H4  *) C10H8 +H (3.33)
Another cyclopentadienyl radical recombination path also included in the
current mechanism is shown below. Structures of species involved in these
pathways are shown in Fig. (3.11).
C5H5 +C5H5  *) C10H9 +H (3.34)
C10H9  *) C10H8 +H (3.35)
Formation of napthalene by cyclopentadienyl radical recombination in
one step,
C5H5 +C5H5  *) C10H8 +H+H (3.36)
leads to an increase of the napthalene concentration in
aromatic/ethylene/hydrogen mixtures that is unsupported by measurements
and the rate required for agreement with respect to the concentration level
of napthalene can di↵er by an order of magnitude between flames [29].
Figure 3.12.: The formation of indene through addition of allene to the phenyl
radical [29].
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Figure 3.13.: The formation of indene through addition of the propargyl radical to
the phenyl radical [29].
3.3.3. Formation of indene
Indene (C9H8), is another two-ringed species formed during fuel rich com-
bustion. Two important formation paths are the addition of allene and
the propargyl radical to the phenyl radical , here designated as the I1 and
I2, respectively, and are shown in Figs. 3.12 and 3.13, respectively. Reac-
tions in the I1 pathway are competing against reactions leading to stable
species with non-cyclic side chains (s-C9H8 and t-C9H8), which in turn are
intermediates in the I2 pathway. Acetylene addition to the benzyl radical
leading to the formation of indene (the I3 pathway) may be dominant in
the presence of toluene and is shown in Fig. 3.14. Acetylene addition to
the ortho-methyl-phenyl radical (the I4 pathway) may also contribute in
the presence of toluene. Indene may form naphthalene through a pathway
beginning with the recombination of the methyl radical with the indenyl
radical (C9H7). This is followed by subsequent hydrogen elimination reac-
tions and finally isomerisation, as is shown in Fig. 3.15.
Figure 3.14.: The formation of indene through addition of the acetylene to the
benzyl radical [29].
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Figure 3.15.: Formation of naphthalene from recombination of the indenyl radical
with the methyl radical
3.3.4. Formation of phenanthrene and pyrene
Formation pathways of three-ringed phenanthrene (A3) and four-ringed
pyrene (A4) through HACA sequences are provided in the mechanism of
Wang and Frenklach [32]. Starting with hydrogen abstraction from naph-
thalene, acetylene is added in two steps to form phenanthrene, which is
shown in in Fig. 3.16. The formation of phenanthrene from naphthalene
involves acetylene addition to the 1-naphthyl and and 2-naphthyl radicals.
There are also similar pathways involving the addition of the acetynyl rad-
ical to naphthalene.
Another important phenanthrene formation path is the recombination
of the phenyl radical and the addition of the phenyl radical to benzene
leading to the formation of biphenyl (C12H10), which forms phenanthrene
in a subsequent HACA step. This pathway is shown in Fig 3.17.
Figure 3.16.: Formation of phenanthrene from naphthalene through addition of
acetylene.
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Figure 3.17.: Formation of phenanthrene from the recombination of the phenyl rad-
ical and the addition of the phenyl radical to benzene.
Figure 3.18.: Formation of pyrene from phenanthrene through addition of acety-
lene.
Through a single HACA step, pyrene is formed from phenanthrene, which
is shown in Fig. 3.18. A path involving the addition of the acetynyl radical
to phenanthrene is also possible.
3.4. Aromatic growth by addition of C3-species
3.4.1. Introduction
The formation of aromatic species with three or more rings by the HACA
mechanism [32] have been described above, but it is possible that PAH
species are formed through additional pathways including addition of C3-
species and carbene. In this section examples of such possible pathways are
presented. In Chapter 10 and 11 the contribution of these pathways to PAH
formation will be further discussed.
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Figure 3.19.: Phenalene and cyclopenta[a]naphthalene formation through the ad-
dition of a propargyl radical to naphthalene.
3.4.2. Formation of phenalene and cyclopenta[a]naphthalene
from naphthalene
Phenalene and cyclopenta[a]naphthalene can be formed by addition of a
C3-species to naphthalene followed by hydrogen abstractions and additions
leading to a radical that can undergo a ring closure. In Fig. 3.19, an
example of phenalene and cyclopenta[a]naphthalene formation is shown
where a propargyl radical is attached to naphthalene and a hydrogen is
abstracted from the formed propargyl-naphthalene. The formed naphthyl-
propenyl radical then reacts with itself to form either phenalene or cy-
clopenta[a]naphthalene.
3.4.3. Formation of pyrene from phenalene
Addition of C3-species to the phenalene radical leads to pyrene. After the
addition, hydrogen abstraction and addition reactions take place, rendering
a radical that is able to form a fourth ring with itself. After the ring clo-
Figure 3.20.: Pyrene formation through the addition of a propargyl radical to a
phenalenyl radical.
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sure, expulsion of two hydrogen atoms is necessary in order to obtain full
aromaticity. In Fig. 3.20 an example of pyrene formation from phenalene is
shown involving the addition of the propargyl radical.
3.4.4. Formation of phenanthrene from cyclopenta[a]-
naphthalene
The cyclopenta[a]naphthalene formed by addition of a C3-species can form
phenanthrene through reacting with a methyl radical or carbene in a sin-
glet or triplet state. In Fig. 3.21 an example is shown where triplet state
carbene is attached to the cyclopenta-part which restructures to become
phenanthrene. Phenanthrene can then form pyrene, e.g. by addition of
acetylene [32].
Figure 3.21.: Formation of phenanthrene from cyclopenta[a]naphthalene by reac-
tion with triplet state carbene.
3.4.5. Formation of cyclopenta[def]phenanthrene from
acenaphthalene
In the same way as naphthelene and its radical can react with C3-species
and form new rings, acenaphthlene can form cyclopenta[def]phenanthrene.
In Fig. 3.22 cyclopenta[def]phenanthrene formation through the propargyl
radical addition to acenaphthalene is shown.
Figure 3.22.: Formation of cyclopenta[def]phenanthrene from acenaphthalene and
the propargyl radical.
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3.4.6. Formation of cyclopenta[def]phenanthrene from
phenanthrene
Another possible formation or destruction path of cyclopenta[def]phenanthrene
involves addition of carbene or the methyl radical to the bay-site of phenan-
htrene followed by ring closure or the opposite process, respectively. An
example of this involving the methyl radical is shown in Fig. 3.23.
Figure 3.23.: Formation of cyclopenta[def]phenanthrene from phenanthrene
through addition of a methyl radical.
3.4.7. Formation of pyrene from
cyclopenta[def]phenanthrene
Cyclopenta[def]phenanthrene forms pyrene through addition of C1 species
to the cyclopenta-part which then restructures to pyrene. In Fig. 3.24 an
example involving triplet state carbene is shown.
Figure 3.24.: Addition of triplet state carbene to cyclopenta[def]phenanthrene
forms pyrene.
3.5. Summary
The current chapter has outlined a number of possible reaction paths and
molecular growth sequences. Their relative importance is discussed in de-
tail in Chapter 10 and 11, where laminar premixed benzene and laminar
di↵usion ethylene flames, respectively, are discussed.
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4. Determination of gas-phase
thermodynamic properties
4.1. Background
Thermodynamic data for the larger PAHs in two of the previous modelling
studies [27, 34] were based on the work by Wang and Frenklach [37, 38]
who used data from quantum mechanical computations involving the semi-
empirical AM1 level of theory with internal rotations treated as vibrations.
Thermodynamic properties have an important influence on PAH concen-
trations due to a tendency of subsystems to reach partial equilibrium. As
part of the current work, accurate quantum mechanical ab initio composite
energy approaches, far more rigorous than semi-empirical methods, were
applied to determine data for aromatic molecules as large as pyrene from
the mechanism of Wang and Frenklach [32] by Lindstedt et al. [28]. Such
methods were also used in the work of Lindstedt and Waldheim [22], which
is included in the present contribution, to determine thermodynamic prop-
erties for intermediates of the C3-growth mechanism. But before discussing
details of the calculations in the current work [22, 28], a brief introduction
to computational quantum chemistry is provided below.
4.2. Introduction to computational quantum
chemistry
The electronic energy of a molecule is given by the electronic Schro¨dinger
equation,
Hˆ = E (4.1)
where  is the wave function, E is the electronic energy and Hˆ is the Hamil-
ton operator which includes the operator for kinetic energy, nuclear-electron
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potential energy and the electron-electron potential energy as follows.
Hˆ =
~r2
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In Eq. (4.2) Rn,e is the nuclear-electron distance and ri,j is the electron
electron distance. The energy is the eigenvalue of the Hamilton operator
and the wave function is the operator’s eigenfunction. The variational prin-
ciple state that the energy of a system is less or equal to the energy of an
approximate wave function, as can be seen expressed in Eq. (4.3).
E  Eapprox =
Z
 ⇤approxHˆ approxdx¯ (4.3)
The variational principle is used in computational quantum chemistry in
order to obtain an approximate solution of the Schro¨dinger equation. Most
computational methods involve wave functions ( ) that are called molecular
spin orbitals. The electrons are allocated to the molecular spin orbitals but
in most computations the number of orbitals exceed the number of electrons,
so some will for that reason always be unoccupied. Each molecular spin or-
bital describes the properties of the occupying electron, e.g. energy, angular
momentum and probability of finding the electron in a certain volume. The
molecular spin orbitals are approximated with linear combinations of atomic
orbitals ( ) overall atoms, as described in Eq. (4.4). The atomic orbitals
are approximate and truncated solutions of the Schro¨dinger equation for the
isolated atoms. They are known functions before the computation begins,
but the linear combinations are unknown. The types and the number of
functions used for each atom define the basis set.
 i =
X
j
ci,j j (4.4)
The molecular wave function can be constructed from determinants of molec-
ular orbitals. One fundamental method in computational quantum chem-
istry is to approximate the wave function with only one determinant, the
Hartree-Fock method. This determinant is shown in Eq. (4.5) where the
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numbers inside the parantheses are electron indices.
 HF =
          
 1(1)  2(1) · · ·  N (1)
 1(2)  2(2) · · ·  N (2)
...
...
. . .
...
 1(N)  2(N) · · ·  1(N)
          
(4.5)
The constants ci,j of the linear combination of atomic orbitals in Eq. (4.4)
are then determined by minimising the energy according to the variational
principle. The one determinant approximation of the Hartree-Fock method
leads to neglect of the correlation between electrons. The correlation en-
ergy is a small part of the total energy but important for relative energies
such as enthalpies of formation. Advanced methods account for the correla-
tion energy using more determinants with electrons occupying high energy
molecular spin orbitals (excited states) or solving for the electron density
instead of the wave function (density functional theory, DFT). Common
methods (also called level of theory) include:
• CISD (Configuration interaction, single and double excited states).
• CCSD (Coupled cluster, single and double excited states).
• CCSD(T) (CCSD with triplet excited states accounted for through
perturbation theory [39]).
• MP2 (Mo¨ller-Plesset second order perturbation theory).
• MP4 (Mo¨ller-Plesset fourth order perturbation theory).
• B3LYP (Becke, three-parameter, Lee-Yang-Parr exchange-correlation
functional – A DFT functional).
Many computational methods have an extreme scaling of the computational
cost. For example, the limiting (su ciently large basis set) scaling of MP2,
CCSD and CCSD(T) together with MP4 is the number of basis set functions
powered to five, six and seven, respectively [40]. Large molecules are there-
fore very computationally demanding. Also available are composite meth-
ods where energy calculations at di↵erent levels of theory and using di↵erent
basis sets are combined together with empirical corrections. The resulting
electronic energy is accurate since the e↵ects of using basis sets of di↵erent
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sizes and di↵erent properties are additive to a certain degree [40]. The com-
posite energy methods are computationally cheaper since a method with
high scaling does not have to be used together with a large basis set. More
general information on computational quantum chemistry can be found in
text books (e.g. [40]).
The geometry of molecules can be determined by minimising the poten-
tial energy obtained using quantum chemical computations. The geometry
optimisation does not only provide a geometry to use for further computa-
tions using higher levels of theory, but also provides the moment of inertia
of the molecule required to determine rotational energy levels. By evaluat-
ing second derivatives with respect to the position of each atom, vibrational
modes can also be obtained [40].
4.3. Introduction to statistical thermodynamics
This section will briefly explain how statistical thermodynamics provides the
theory to relate the data calculated by computational quantum chemistry
(e.g. rotational energy levels and vibrational modes) to species thermody-
namic properties. A fundamental quantity of statistical thermodynamics is
the partition function (q) defined in Eq. (4.6) [12].
q =
X
i
giexp
⇣
  ✏i
kbT
⌘
(4.6)
In Eq. (4.6) ✏i is the energy of the ith level of state of a molecule with a
degeneracy of gi. The partition function indicates the number of states of a
molecule that are thermally accessible at a certain temperature [12]. Assum-
ing that all di↵erent kinds of modes of energy of a molecule are independent
of each other, partition functions for each di↵erent kind can be formed,
i.e. electronical (qel), translational (qtr), vibrational (qvib) and rotational
(qrot) [12]. The information to form all of these partition functions, except
for the translational energies for which the analytical solution of Eq (4.1)
is known, can conveniently be provided by computational quantum chem-
istry. If the energy types of a molecule can be assumed to be independent
of each other, the total partition function can be formed by the product of
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the partition functions of the di↵erent modes of energy [12]:
q = qelqtrqvibqrot (4.7)
Considering a system of certain number of gas molecules, occupying a cer-
tain volume and being at a certain temperature; a so called canonical en-
semble. The function that indicates the number of energy states (Eˆi) of
the system that is thermally accessible is denoted as the canonical partition
function [12]:
Q =
X
i
exp
⇣
  Eˆi
kbT
⌘
(4.8)
For a system consisting of identical gas molecules that are in-distinguishable,
i.e. cannot be assigned a fixed coordinate as in the case of a gas, the canonical
partition function is related to the molecular partition function by
Q =
qnˆ
nˆ!
(4.9)
where nˆ is the number of molecules in the system. Using the canonical
partition, function several thermodynamic properties can be calculated as
will be shown below [12]. The average internal energy per mole is
em = em(0) +
NA
Q
X
i
Eˆiexp
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  Eˆi
kbT
⌘
= em(0) NA
 
@lnQ
@ T
!
V
(4.10)
where em(0) is the molar internal energy at T = 0 K and
 T =
1
kbT
(4.11)
is a transformation including the Boltzmann constant (kb). The molar en-
tropy of the system can be calculated using Eq. (4.12).
sm =
em   em(0)
T
+RlnQ (4.12)
The pressure of the system is related to the canonical partition function
through Eq. (4.13).
p = kbT
 
@lnQ
@V
!
T
(4.13)
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Using the definition of enthalpy in Eq. (2.5) and applying the expression for
the internal energy in Eq. (4.10) and the pressure in Eq. (4.13), the enthalpy
can be determined to be
hm = hm(0) NA
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where hm(0) is the enthalpy at T = 0 K. The Gibbs free energy can in the
same way be formed from the definition in Eq. (2.6):
gm = gm(0) +RTV
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4.4. Estimation of thermodynamic properties in
the current work
As part of the present work, Lindstedt and Waldheim [22] used Gaussian
09 [41] to perform calculations using G4 [42], G4MP2 [43] and G3MP2B3 [44]
composite energy methods in order to obtain molecular properties that
can be used to determine thermodynamic properties. Calculations at the
G4MP2 level of theory were typically applied to species with twelve carbon
atoms or more, especially radical species, for which the G4 method remains
exceptionally demanding. The G3MP2B3 method was used for some of
the largest radicals with fifteen to sixteen carbon atoms for which G4MP2
would be too time consuming. The three composite energy methods men-
tioned above have all in common that they start with performing a geome-
try optimisation of the structure at the B3LYP level of theory followed by a
vibrational analysis which yields vibrational frequencies and the zero-point
energy (ZPE)1. The G4 and the G4MP2 method uses the 6-31G(2df,p) basis
set for these calculations, while the G3MP2B3 uses the 6-31G(d) basis set.
An empirical scaling factor of 0.9854 is applied to the G4 and the G4MP2
frequencies and a scaling factor of 0.96 is applied to the G3MP2B3 frequen-
cies [42–44]. The di↵erent methods then calculate the electronic energy
using a combination of several methods. The G3MP2B3 method starts with
a quadratic configuration interaction with single and double excited states
1ZPE is the lowest possible energy of a quantum mechanical system and is non-zero due
the uncertainty principle [12].
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and triple excited states accounted for by perturbation theory (QCISD(T))
together with a frozen core approximation, meaning that the calculation
only considers the correlation energy of valence electrons. The 6-31G(d)
basis set is used for this calculation. In order to account for a larger ba-
sis set, a calculation using Mo¨ller-Plesset second order perturbation theory
(MP2) is carried out using the G3MP2large basis set [45]. The energy dif-
ference between this calculation and a MP2 calculation using the 6-31G(d)
basis set is then added to the QCISD(T) result. A spin orbital correction
and an empirical ”higher-level correction” is subsequently added to the re-
sulting energy from the ab initio calculations above in order to obtain the
final G3MP2B3 energy. The G4 method performs a Mo¨ller-Plesset fourth
order perturbation theory (MP4) calculation using the 6-31G(d) basis set in
order to obtain a base electronic energy to which increments (defined as the
di↵erence between a certain calculation, involving a di↵erent level of theory
or basis set, and the base MP4 energy) can be added to in order to obtain
the G4 energy. Two additional MP4 calculations using the 6-31+G(d) and
the 6-31G(2df,p) basis sets are performed in order to obtain increments ac-
counting for di↵use functions and higher polarisation functions. All MP4
calculations use the frozen core approximation. To account for electron cor-
relation beyond fourth order perturbation theory, a calculation is performed
using coupled cluster with single and double excited states and with triple
excited states accounted for by perturbation theory (CCSD(T)). The frozen
core approximation is also used at this stage. A series of MP2 calculations
then obtain an increment for an even larger basis set (G3largeXP [42]) and
non-additivity e↵ects. An increment for the extrapolation to the Hartree-
Fock limit (the Hartree-Fock energy using an infinite basis set) is performed
using the aug-cc-pVQZ and the aug-cc-pV5Z basis sets. The final G4 energy
is obtained by adding a spin orbital correction and a ”higher-level correc-
tion” to the ab initio energy above. The G4MP2 method compared to the
G4 method uses the CCSD(T) energy as the base energy and do not in-
volve any MP4 calculations but instead a MP2 increment to account for a
larger basis set (G3MP2largeXP [43]). The extrapolation to the Hartree-
Fock energy is carried out using the aug-cc-pV(T+d)Z and the aug-cc-pV(Q
+ d)Z basis sets [43]. Increments for spin orbital coupling and ”higher-level
correction” is the same as in the G4 method.
The potential energy of hindered internal rotors was analysed using den-
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sity functional theory at the B3LYP level of theory using the 6-31G(d,p)
basis set and by scanning the geometrically optimised energy surface us-
ing 15° increments. The calculated potential energy surface was fitted to
Eq. (4.16), where V (✓) is the potential energy as a function of the dihedral
angle and Vn are fitting parameters.
V (✓) =
6X
n=1
Vn(1  cos(n✓)) (4.16)
For some compounds, Eq. (4.16) was unsuitable for fitting to the potential
energy surface. Usually the potential energy surface in those cases had a
shape which a combination of six cosine functions can not resemble, e.g.
two or more local maxima of di↵erent values and without any symmetry.
For such cases, values of Vn were, primarily, chosen to be consistent with
the potential energy barrier height of the rotation and, secondarily, to agree
qualitatively with the shape of the calculated potential energy surface. Un-
fortunately, at the completion of this thesis it was discovered that the pa-
rameters in these cases were mistakenly set so that the rotational energy
barriers were a factor of two too high. However, the e↵ect of this error on
the enthalpy is comparable to the stated uncertainty of the used composite
energy methods.
The electronic energy, the ZPE, vibration frequencies and the parameters
of Eq. (4.16) were provided to the NASA statistical mechanics Properties
and Coe cients 99 (PAC99) program [14] as input. The program calcu-
lates thermodynamic properties and JANAF polynomials from the com-
puted molecular properties via the rigid rotor harmonic oscillator approxi-
mation. Calculated thermodynamic properties are found in Appendix A for
PAH species in the mechanism of Wang and Frenklach [32] and for species in
the C3-growth mechanism. Thermodynamic data of smaller non-aromatic
species are also provided so that the reader is able compare overall en-
thalpies and entropies of the reactions in the C3-growth mechanism. Ther-
modynamic data for species in the cyclopentadiene oxidation mechanism
were calculated by Robinson and Lindstedt [33] and were also incorporated
into the model.
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5. Soot modelling
5.1. Background to soot modelling
Soot models have in the past typically been based on the solution of the
first few moments of the particle size distribution (PSD) [47,48]. Although
computationally e cient, such methods do not provide comprehensive in-
formation about the PSD. If the complete PSD is to be obtained by solving
for the whole set of population balance equations for coagulation and sur-
face processes this will be computationally expensive due to the large size
range of particle diameters (10 ⇥ 10 9 to 10 ⇥ 10 6 m). Methods for ob-
taining the PSD with reduced computational demand involve discretisation
of the particle size range into ’representative particles sizes’ via sectional
!
must be obtained for other types of combustion
systems.
A well-stirred reactor (WSR) coupled with a
plug flow reactor (PFR) has many advantages
for soot inception studies compared to laminar
flames [26]. In view of the general paucity of
experimental data for incipient soot particles in
apparatus other than laminar flames, the aim of
this study was to characterize incipient soot parti-
cles in a WSR/PFR using a nano-diﬀerential
mobility analyzer (nano-DMA). The present
study expands the characterization of the soot
particle size distributions in a WSR/PFR by
Manzello et al. [27] by investigating the eﬀect of
residence time on the soot size distributions
obtained for diﬀerent equivalence ratios and the
eﬀect of aromatic seeding on the soot size distribu-
tion for diﬀerent residence times and seeding con-
centrations. In order to investigate the eﬀect of
varying residence times, a new diluter was devel-
oped to permit measurements in the WSR section
while minimizing both coagulation growth of the
particles and thermophoretic deposition on the
sampling tube prior to size distributions measure-
ments with the nano-DMA. Furthermore, an
injection system was developed to seed gas-phase
aromatic molecules at the transition point
between the WSR and PFR sections of the reac-
tor. For this study, both benzene and naphthalene
were seeded into the reactor to determine the eﬃ-
cacy of the seeding process.
2. Experimental description
2.1. Experimental facility
This study utilized the NIST well-stirred reac-
tor/plug flow reactor (WSR/PFR) to examine
soot inception of rich ethylene/air oxidation
(equivalence ratio, U = 1.8 and 2.0) in the high
temperature regime (!1700 K) at atmospheric
pressure [27]. The reactor is comprised of four
parts, namely the WSR, the PFR, the afterburner,
and the exhaust cooling sections.
The NIST WSR reactor was based on the
design currently implemented by Stouﬀer et al.
[28]. The WSR consists of a 250 ml toroidal cham-
ber 32 mm in diameter made by an upper and
lower section of silicon carbide (SiC) and an Inco-
nel jet ring inserted between the two SiC sections.
The jet ring consisted of 48 nozzles (1 mm diame-
ter) which injected a premixed fuel/air mixture at
near sonic velocities. The resulting jets of fuel/air
mixture caused rapid macroscopic and micro-
scopic mixing of reactants, intermediates, and
products within the WSR, approximating a highly
turbulent combustion environment. Figure 1
shows a cross-section of the WSR, including the
jet ring. To minimize leaks, ceramic gaskets were
placed between the SiC and jet ring sections and
the assembly was compressed together using steel
plates. The assembly was further housed in a steel
casing which was purged with nitrogen (!50
SLPM) to maintain safe jet ring temperatures
and to minimize the hazards of possible leaks.
Access to the toroidal chamber for ignition and
instrumentation was achieved using four holes
cast into the lower SiC section.
The air, nitrogen, and gaseous fuel flow rates
were controlled using Brooks Instruments1 mass
flow controllers. The pressure drop across the
mass flow controllers was maintained at 20 psi
with regulators to maximize the accuracy of the
flow. The mass flow controllers were sized such
that the residence times of the WSR could be var-
ied between 5 and 12 ms. The air system utilized
house compressed air that was filtered and dried
prior to use. The air system was designed to
accommodate flow rates up to 400 SLPM. A surge
tank (750 L) was installed inline after the air dryer
and prior to the mass flow controller to minimize
the eﬀects of pressure perturbations during the
recycling/regeneration of the air drying system.
The dew point of the dried air was continuously
monitored to ensure ‘‘dry” air for the combustion
process. Nominally, the air was dried to dew point
less than "60 !C. A 1 kW heater was placed inline
after the mass flow controller to allow preheating
temperatures up to 473 K. The preheating was
necessary to allow rapid and stable ignition of
the reactor. The fuel system utilized a series of
high pressure cylinders of ultra high purity ethyl-
ene (99.95%). Chemical analysis confirmed that
the major impurities in the fuel were ethane and
propylene. The cylinder pressure was reduced to
860 kPa though a series of regulators to minimize
the potential of regulator freezing. The fuel system
was designed to provide a steady flow of up to 75
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Fig. 1. Schematic of the NIST WSR/PFR experimental
apparatus displaying the WSR/PFR assembly and detail
of WSR jet ring.
1 Certain commercial equipment is identified in this
paper to accurately describe the experimental procedure,
this in no way implies endorsement by NIST.
658 D.B. Lenhert, S.L. Manzello / Proceedings of the Combustion Institute 32 (2009) 657–664
WSR$
PFR$
Figure 5.1.: The NIST reactor system. The figure is taken from [46] and the loca-
tions of the WSR and the PFR have been clarified.
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models. These methods can, however, have problems with conservation of
fundamental properties such as mass [49]. Smooke et al. [50,51] have carried
out experiment and modelling studies of ethylene flames using a mass con-
serving sectional approach [52]. A moving sectional approached has been
used by Wen et al. [53] to simulate soot formation in the plug flow reactor
(PFR) of Kronholm and Howard [54]. The PSD and the morphology of soot
particles were calculated by Morgan et al. [55] using a stochastic method.
Recently, Bhatt and Lindstedt [27] developed a sectional model for soot
formation that conserves both the soot particle number concentration and
the soot mass. The model was first applied to a system consisting of a
well-stirred reactor (WSR) connected to a PFR in which the PSD had been
measured at di↵erent stoichiometric ratios and temperatures by Manzello
et al. [56] at the National Institute of Standards and Technology (NIST).
The experimental setup can be seen in Fig. 5.1. In a later study, the model
was applied to a WSR/PFR system of Kronholm and Howard [34]. New
experimental data from the WSR/PFR system at NIST were subsequently
published by Lenhert and Manzello [46]. The latter include measurements
of the soot PSD in the WSR, which is interesting since there are significant
experimental uncertainties associated with the temperature profile in the
PFR due to high heat losses in the transition region between the reactors.
Since the temperature profile in the WSR is thought to be more uniform,
the new data can be compared to model predictions with reduced uncer-
tainty regarding the temperature as compared to the PFR case. The new
data also contain measurements where benzene and naphthalene/methanol
mixtures are injected into the WSR at the entrance to the flow straightener
leading to the PFR during (without the injection) non-sooting conditions.
The data is important since modelling of soot formation and oxidation in
commercial combustion devices such as diesel engines typically involves fuels
with a high content of aromatic compounds. In a recent study by Lindst-
edt et al. [28], model results were compared to the new measurements by
Lenhert and Manzello [46] during sooting conditions and using new thermo-
dynamic data for polycyclic aromatic hydrocarbons (PAH). Measurements
in the PFR, during close to identical conditions, were carried out in both
experimental studies of the NIST WSR/PFR system [46, 56] but the re-
sulting PSDs di↵er significantly. By changing the value of a coagulation
model parameter accounting for intermolecular forces [27,28,47], the model
76
could predict the PSDs from both studies [28], suggesting that additional
coagulation may have occurred in the first study [56]. The new value gave
good agreement with the PFR and the WSR measurements in the latter
experimental study [46]. The use of naphthalene instead of pyrene as a nu-
cleating species in the context of a sensitivity analysis produced reasonable
result. The influence of introducing a collision e ciency that decreases the
coagulation rate with decreasing particle size was also investigated and the
impact was not significant. However, as part of the current work, Lindstedt
and Waldheim [22], in a more recent study, developed a modified sectional
soot model and applied it to the premixed laminar ethylene stagnation flow
flames of Abid et al. [21, 57, 58]. The PSDs were found to be sensitive to
the coagulation collision e ciency under those flame conditions. In the ex-
periments of Abid et al. [21,57,58], the soot particle sampling probe caused
flow stagnation and a reduced temperature in the post flame zone and it
was recommended that the flames should be modelled as burner-stabilised
stagnation (BSS) flames [21], an approach adopted by Lindstedt and Wald-
heim [22]. Stochastic soot models have previously been applied by Celnik
et al. [59] and Singh et al. [60] to study, respectively, the flames of Abid et
al. [57] and the related flames of Zhao et al. [61] using a burner-stabilised
free flame configuration. In both studies [59,60] sampling probe e↵ects were
accounted for by shifting the position of the measured PSDs. In a vicinity of
the sampling probe, where the temperature is relatively low and residence
times relatively long, the modelling study of Lindstedt and Waldheim [22]
suggested that a collision e ciency below one for small (< 6 nm) particles
is required to explain their existence in the measurements since they would
otherwise be scavenged by collisions with larger particles. A model for the
collision e ciency, based on the interpolation between two physically de-
rived limits, was formulated and gave reasonable agreement with measured
PSDs. The modifications to the sectional soot model used by Lindstedt et
al. [28] included the extension of the previously used a PAH analogy for
soot surface growth [48] to also include soot particle oxidation. Parallel to
PAH growth based on acetylene addition [32], Lindstedt and Waldheim [22]
used a mechanism for PAH growth based on addition of C3-species (com-
pounds containing three carbon atoms) using reaction class based estimates
of reaction rate constants, which is discussed in Chapter 3 above. The
high accuracy composite energy methods discussed in the previous chapter
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were used to calculate thermodynamic properties of intermediate species in
order to impose equilibrium boundaries on calculated concentrations. The
cyclopentadiene oxidation study of Robinson and Lindstedt [33] was also ap-
plied [22]. In Chapter 6 a literature review of the impact of inter-molecular
forces on soot particle coagulation and the collision e ciency derived by
Lindstedt and Waldheim [22] are presented. In Chapter 7 the results of
Lindstedt and Waldheim [22] are outlined.
5.2. Sectional soot model
5.2.1. Coagulation
In this and following subsections the sectional soot model developed by
Bhatt and Lindstedt [27] is presented. Modifications of the model as in
the work of Lindstedt and Waldheim [22] will be introduced and mentioned
where appropriate. Using a sectional method, the ensemble of carbonaceous
particles is discretised into a finite number of sections (also called bins)
where the particulates in the ith section are represented by particles of size
mi. These representative sizes are geometrically distributed so that
mi+1 = fsmi (5.1)
where fs is a geometric spacing factor. A value of 1.5 is used for the geomet-
ric spacing factor together with 42 to 63 bins, spanning at least the particle
diameter range 0.38 to 228 nm. The computed soot size (dp) is based on
the particle mass and a soot density of 1800 kg/m3 [22]. The evolution
of the number of particulates in each bin (ni), due to coagulation, follows
the sectional approach above and is described by the following population
balance equations (PBE),
dni
dt
=
kjiX
j,k
mi 1(mj+mk)mi+1
✓
1   j,k
2
◆
⌘i,j,k j,knjnk   ni
NBinX
k=1
 i,knk (5.2)
where  i,j is the coagulation rate constant of particles in section i and j,
 j,k is the Kronecker delta and Nbin is the number of bins. It should be
pointed out that Eq. (5.2) is used for presentation purposes only since it
does not account for gas density changes. The first term on the right hand
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Figure 5.2.: Coagulation between particles from two di↵erent size classes may form
particles which mass is in between two larger size classes. The formed
particles are then distributed between the two larger size classes in such
way that the particle number concentration and mass is conserved.
side of Eq. (5.2) is the rate of coagulation of particles and the second term
is the removal of particles of the current size class due to coagulation with
other particles. Since the aggregation of two particles often produces a
particle whose size is between the assigned sizes of two bins, the mass of
the newly formed particle is distributed between the bins by the parameter
⌘i,j,k, which is calculated through Eq. (5.3). This procedure assures that
particle number and mass concentrations are conserved [62]. The process is
visualised in Fig. 5.2, where particles from two di↵erent bins coagulate and
the formed particles are distributed between two higher bins.
⌘i,j,k =
8<:
mi+1 (mj+mk)
mi+1 mi mi  mj +mk  mi+1
mi 1 (mj+mk)
mi 1 mi mi 1  mj +mk  mi
(5.3)
The rate constant  i,j has di↵erent functional forms depending on the
value of the Knudsen number (Kn), which is based on the ratio between
the particle diameter (dp) and the mean free path of the gas molecules ( m).
Kn = 2 m/dp (5.4)
ForKn⌧ 1, Kn ⇡ 1 andKn  1 the coagulation process takes place in the
free-molecular, the transition and the continuum regime, respectively, and
the rate constants for these three regimes are designated  fi,j ,  
t
i,j and  
c
i,j ,
respectively. For spherical particles the rate constants for the free-molecular
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and the continuum regime take the forms [27,63]
 C,fi,j = Ca↵e
✓
3
4⇡
◆1/6✓6kbT
⇢s
◆1/2✓ 1
vi
+
1
vj
◆1/2
(v1/3i + v
1/3
j )
2, (5.5)
and
 C,ci,j =
2kbT
3µ
✓
Ci
v1/3i
+
Cj
v1/3j
◆
(v1/3i + v
1/3
j ), (5.6)
where the ’C’ in the superscript indicates that the process is coagulation of
spherical particles. In Eqs. (5.5) and (5.6) vi is the volume of the particle
in the ith bin, ⇢s (=1800 kg/m3) is the density of soot, kb is the Boltzmann
constant, T is the temperature, µ is the laminar dynamic viscosity of the
fluid. The Cunningham slip factor (C) is a function of the Knudsen num-
ber [64] and accounts for deviations from the no-slip (zero parallel velocity)
condition at the particle surface due to non-continuum e↵ects. The expres-
sion of the Cunningham slip factor valid for the continuum regime is shown
in Eq. (5.7).
C = 1 + 1.257Kn (5.7)
Intermolecular forces between two soot particles or PAH molecules will in-
fluence the coagulation rate in the free-molecular regime through attractive
and repulsive parts of the potential together with the kinetic energy in-
volved as well as vibrational and rotational states, which is discussed more
in detail in the next chapter. In Eq. (5.5) Ca is the van der Waals enhance-
ment factor [65, 66], which is in the range of 1-9 [48, 67, 68]. Harris and
Kennedy [66] proposed a value of Ca = 2.2, Lindstedt et al. [34] suggested
that a reasonable range of the parameter is 1.0 to 3.0 based on their study
of the WSR/PFR system of Kronholm and Howard [34] and later Lindst-
edt et al [28] used a value of Ca = 1.5 based on their study of the NIST
WSR/PFR-system [46]. Recently, as part of the present work, Lindstedt
and Waldheim [22] used a value of Ca = 3.0 in their study of soot forma-
tion in laminar premixed ethylene stagnation flow flames [21, 57, 58] while
also introducing a collision e ciency < 1 for particles < 6 nm. This value
has been retained in the recent calculations presented in this work. The
collision e ciency (↵e) is further discussed in the next chapter. The correc-
tion factor for the total influence of attractive and repulsive intermolecular
forces, together with other mechanisms at molecular and nano-particle lev-
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els is designated with  . This correction factor can in the context of the
current model be defined as the product of the van der Waals enhancement
factor and the collision e ciency:
  = Ca↵e (5.8)
In the transition regime, the rate constant  C,ti,j is calculated from  
C,f
i,j and
 C,ci,j [47, 64] as follows:
 C,ti,j =
 C,fi,j  
C,c
i,j
 C,fi,j +  
C,c
i,j
(5.9)
Soot particles are found to be roughly spherical up to a certain size and
thereafter they aggregate into chain-like structures with a fractal dimen-
sion [69]. The collision diameter of an aggregate, dc, is given by the diame-
ter of the primary particles dprim, the number of primary particles p in the
aggregate and the fractal dimension Df :
dc = dprimp
1/Df (5.10)
The value of the fractal dimension used in this work is Df = 1.8 [70] and it
has been shown that the model is not sensitive towards this parameter [27].
In previous modelling studies, the diameters of the primary particles were
between 25 and 40 nm [47,48,71]. However, values as low as 10 nm have also
been used in models in order to obtain a good fit [72]. From the stagnation
flow flames simulated in this work, Abid et al. [57, 58] sampled and inves-
tigated particles using atomic force microscopy (AFM) and transmission
electron microscopy (TEM) and found liquid like non-aggregate particles.
This suggests that carbonisation [73] is competing with surface growth,
where the latter promotes a high H/C ratio at the surface [57]. The struc-
ture of the particles formed in the NIST WSR/PFR system [46, 56] is not
known and the primary particles in this case are considered to have a di-
ameter of dp = 25 nm, consistent with previous work [27, 28]. Shaddix and
Williams [74] have measured the primary particle diameters in laminar dif-
fusion flames using TEM. Primary particles when ethylene were used as fuel
was found to be (including the standard deviation) 25±5 nm and 36±6 nm
for slot and co-annular burner geometries. The primary particle diameter
for a co-annular burner geometry using kerosene, which has a high aromatic
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content, was found to be 41 ± 11 nm. The aggregation rate constants for
the di↵erent regimes and for fractal aggregates, assuming identical mobility
and collision diameters are given below [75]
 A,fi,j = Ca↵e
✓
⇡kbT
2
◆1/2✓ 1
mi
+
1
mj
◆1/2
(dc,i + dc,j)
2, (5.11)
 A,ci,j =
2kbT
3µ
✓
Ci
dc,i
+
Cj
dc,j
◆1/2
(dc,i + dc,j) (5.12)
and
 C,ti,j =
 C,fi,j  
C,c
i,j
 C,fi,j +  
C,c
i,j
(5.13)
where ’A’ in the superscript indicates that the rate constants apply to agg-
regate structures.
5.2.2. Numerical treatment of surface growth and oxidation
Particles gain and lose mass due to surface growth and oxidation, respec-
tively. In order to simulate these processes a numerical scheme is needed
that, in an accurate and stable way, moves particles from one section to an-
other according to the mass gain or loss. The ’two-point’ and ’three-point’
fixed sectional methods of Park and Rogak [76] have been implemented to
handle surface growth and oxidation [27]. The ’two-point’ method is sta-
ble, but has the disadvantage of increased di↵usion leading to a need for an
increased number of sections. The ’three-point’ method reduces di↵usion,
but is not stable under oxidative conditions [27]. The ’two-point’ method
for surface growth and oxidation is
dni
dt
=
Ii 1ni 1
mi  mi 1  
Iini
mi+1  mi (5.14)
and
dni
dt
=
Iini
mi  mi 1  
Ii+1ni+1
mi+1  mi , (5.15)
respectively, where Ii = dmi/dt is the surface growth or oxidation rate of a
particle in the ith section. The set of PBEs with respect to surface growth
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when using this ’three-point’ method is
dni
dt
=
Ai 1Ii 1ni 1
mi 1
+
BiIini
mi
+
Ci+1Ii+1ni+1
mi+1
. (5.16)
In Eq. (5.16) Ii is the net rate of the surface reactions of a particle of size
mi, and Ai, Bi and Ci are constants of the numerical scheme and are size
dependent and are also requiring a purely geometric grid. As pointed out
earlier, the expressions in Eqs. (5.14) to (5.16) are used here for presenta-
tional purposes since the change of density with time is not accounted for.
The values of the above constants at boundary bins, i.e. i = 1 and i = Nbin
are
C1 = 0, ANBin = 0
A1 = 1/(fs   1), B1 =  1/(fs   1)
BNBin = fs/(fs   1), CNBin =  fs/(fs   1)
(5.17)
and for the interior bins, i.e. 2  i  NBin   1,
Bi =
8<: 
fs
(fs 1)erf
⇣
1
4
dlnni
dlnmi
⌘
, dlnnidlnmi  0
  1(fs 1)erf
⇣
1
4
dlnni
dlnmi
⌘
, dlnnidlnmi > 0
Ai =
fs Bi(fs 1)
(f2s 1)
Ci =  (Ai +Bi).
(5.18)
The fraction before the derivative in the argument of the error function in
the expression of Bi was changed from 1/4 (as used in the previous work of
Bhatt and Lindstedt [27] and Lindstedt et al. [34]) to 1/8 since it improved
stability, leading to a smoother PSD:
Bi =
8<: 
fs
(fs 1)erf
⇣
1
8
dlnni
dlnmi
⌘
, dlnnidlnmi  0
  1(fs 1)erf
⇣
1
8
dlnni
dlnmi
⌘
, dlnnidlnmi > 0
(5.19)
Despite the above changes, in this work the ’two-point’ method is prefered
due to its stability.
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5.2.3. Surface chemistry
The main source of mass growth on the surface of the soot particles is
assumed to be addition of acetylene [68,77–79],
Cs,i +C2H2  *) Cs,i+2 +H2 (5.20)
where Cs,i is the designation for a soot particle containing i carbon atoms.
The rate of surface growth in a section using a simple model [68] is
RG,i = kG(T )As,i[C2H2] (5.21)
where square brackets represents molar concentration, kG(T ) is the reaction
rate constant and As,i is the total surface area of the soot particles in the
section per unit of volume and is assumed to depend linearly on the number
concentration [80],
As,i = Ap,ipi (5.22)
where Ap,i is the surface area of a particle in the ith section. The surface
area of a spherical particle is derived from its mass and the surface area
of an aggregate is based on the surface area of the primary particles thus
avoiding the errors associated with the assumption of ever larger spherical
particles. Soot is oxidised by the reactions shown below [81,82],
Cs,i +OH  *) Cs,i 1 +CO+H
Cs,i +O  *) Cs,i 1 +CO
Cs,i +O2  *) Cs,i 1 +CO+O
(5.23)
The corresponding oxidation rate for the ith section is
Roxid,i = kOH(T )As,i[OH] + kO(T )As,i[O] + kO2(T )As,i[O2] (5.24)
where kOH , kO and kO2 are reaction rate constants. The parameters of the
modified Arrhenius equation for the reaction rate constants of the reactions
in (5.20) and (5.23) are presented in Table 5.1. The collision e ciencies of
the oxidation reactions (↵i) are taken from Roth et al. [82].
The sites at the particle surface that are available for acetylene addition
are sites where a hydrogen atom has been abstracted leaving a carbon rad-
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Table 5.1.: Reaction rate constants for soot surface growth and oxidation presented
in the form A↵Tnexp( Ea/RT ).
ki A ↵ n Ea/R
kG 7.5 5 102 1.5 0 12,100
kOH 8.82 0.05 1/2 0
kO 9.09 0.20 1/2 0
kO2 6.43 0.723 1/2 11,250
Units are in K, kmol, m3 and s.
ical site which can react with acetylene [83]. Lindstedt and Louloudi [48]
introduced a surface chemistry model based on a PAH analogy which is used
to calculate the number of radical sites on the surface and the correspond-
ing rate of surface growth. The PAH analogy was applied to the sectional
soot model and investigated by Bhatt and Lindstedt [27] and used in the
present work. The soot surface chemistry is assumed to be similar to that
of naphthalene [83] and is described by the following submechanism [48]:
C10H7 +H  *) C10H8 (I)
C10H7 +H2  *) C10H8 +H (II)
C10H8 +O  *) C10H7O+H (III)
C10H8 +OH  *) C10H7 +H2O (IV)
C10H7 +O2  *) C10H7O+O (V)
C10H7 +O2  *) C10H7OO (VI)
C10H7OO  *) C9H7 +CO2 (VII)
C10H7OO  *) C10H6O2 +H (VIII)
C10H7O  *) C9H7 +CO (IX)
C10H7 +C2H2  *) C12H8 +H (X)
A soot growth rate based on the addition of acetylene (C2H2) to the
4-phenanthrenyl radical (A3(R4)) to form pyrene (A4) [32] was adopted
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by Lindstedt and Waldheim [22].
A3(R4) + C2H2  *) A4 +H (5.25)
In previous soot modelling studies of reactor systems [27, 28, 34] using the
current sectional approach, the rate of the reaction in Eq. (X) was used.
However, this rate was later found to be too high in comparison to soot
oxidation (see below) in laminar premixed ethylene flames [22]. According
to this PAH analogy the rate of surface growth due to acetylene addition
is dependent on the rate of the reaction in Eq. (5.25) (kf5.25), the moles of
radical sites per unit of soot surface area  S , the total soot surface area of
the section and the acetylene concentration:
RG,i = k
f
5.25 SAs,i[C2H2] (5.26)
The number of hydrogen sites per unit soot surface area which can become
radical sites is  S H = 2.32 5 1019 sites/m2 [84]. This number was derived
from an observation that the distance between PAH layers in soot is 3.51
A˚ and that the halfwidth of a benzene ring is 1.23 A˚, resulting in one site
per 1.23⇥ 3.51 A˚2. The estimation of the site density can thus be expected
to give the right order of magnitude. Through a truncated steady-state
approximation of the naphthalene submechanism above, the ratio between
the concentration of the naphthyl radical and the concentration of naphtha-
Table 5.2.: Reaction rate constants for PAH analogy [48] in the form
A↵Tnexp( Ea/RT ). Units are in K, kmol, m3 and s.
Step A n Ea/R
I 0.783⇥ 1011 0 0
II 0.444⇥ 102 2.43 3158
III 0.25⇥ 1011 0 2347
IV 0.17⇥ 106 1.42 729
V 0.215⇥ 1011 0 3076
VI 0.25⇥ 1010 -0.15 78
VII 0.2272⇥ 109 0 0
VIII 0.2272⇥ 109 0 0
IX 0.18⇥ 1012 0 22,062
X 0.375⇥ 1022 -3.176 7471
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lene is used to calculate the moles of available radical sites per unit surface
area [48,85]:
 S =
[C10H7]
[C10H8]
⇥  S H
NA
= ↵s
K1K7 +K2K6
K4K7K9  K2K5K9  K3K7K8K9 ⇥
 S H
NA
(5.27)
The variables K1 to K9 are derived from the truncated steady state approx-
imation [85] and have the following functional forms:
K1 = krI + k
r
II [H] + k
f
IV [OH]
K2 = krV [O]
K3 = krV I
K4 = k
f
I [H] + k
f
II [H2] + k
r
IV [H2O] + k
f
V [O2] + k
f
V I [O2]k
f
X [C2H2]
K5 = k
f
V [O2]
K6 = k
f
III [O]
K7 = krIII [H] + k
r
V [O] + k
f
IX
K8 = k
f
V I [O2]
K9 = krV I + k
f
V II + k
f
V III .
(5.28)
The forward rate constants of reactions (I) to (X) are shown in Tab. 5.2.
In Eq. (5.27), NA is the Avogrados number and ↵s is a proportionality
constant of sites available for addition of acetylene. The ratio between the
concentration of the naphthyl radical and the concentration of naphthalene
was found to be insu cient during oxidative conditions in di↵usion flames,
giving unreasonable values of the fraction of available radical sites, which
has to be bounded. The ratio between the concentration of the naphthyl
radical and the sum of the concentration of naphthalene and the naphthyl
radical was therefore used in recent calculations, which are discussed in
Chapter 9. The value of ↵s is also discussed further below.
The rates for the soot oxidation reactions in Eq. (5.23) were derived from
a study on carbon black oxidation by Roth et al. [82]. For particles not fully
carbonised, as for the laminar ethylene flames of Abid et al. [57,58], the H/C
ratio may be higher as mentioned above and a higher oxidation reactivity
can be expected. In order to account for this, Lindstedt and Waldheim [22]
extended the PAH surface analogy above to include oxidation by O2 parallel
to the existing oxidation model in Eq. (5.23).
RO2,i = k
f
V  SAs,i[O2] (5.29)
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The rate of the oxidation at a surface site was modelled through the re-
action in Eq. (V) involving the naphthyl radical and it is recognised that
the associated rate parameters are subject to significant uncertainties. The
O2 oxidation in Eq. (5.23) is retained for non-radical sites. It has later
been confirmed experimentally by Camacho et al. [86] that soot produced
in laminar premixed flames does indeed have a higher rate of oxidation by
molecular oxygen as compared to carbon black.
The incipient species is here assumed to be pyrene (dp = 0.38 nm) in
line with previous studies [27, 32, 72, 87]. The sensitivity of the model to
the inception chemistry and the underlying aromatic growth chemistry has
also been investigated in the present work. The population balance equa-
tions, now expressed through mass fractions in order to account for density
changes, are solved simultaneously with the gas phase chemistry in order to
obtain a full coupling.
5.3. A note on the accuracy of comprehensive
soot models
Developing comprehensive soot models (here meaning soot models able to
calculate a PSD) with a good accuracy is a challenge due to the uncertainties
associated with soot inception and growth processes, which are investigated
and discussed in Chapters 7 to 12 in the current work. When discussing
such results, it is good to separate between quantitative and qualitative
agreement – Quantitative agreement is the straight forward comparison of
numbers while qualitative agreement consists of comparing the shape of
curves and the evolution of results with respect to a variable. In the soot
calculations presented in this work there will be a number of cases where the
disagreement between model predictions and experiments can span orders
of magnitude while at the same time the results are said to be reasonable
in the sense the shape and the evolution of the PSDs agree qualitatively
with the measured ones. Below the results obtained in previous compu-
tational studies, concerning the same sooting flames as are simulated in
Chapter 7 [21, 57], are shown in order illustrate what level of agreement
that could be expected for a comprehensive soot model. Celnik et al. [59]
simulated the flames of Abid et al. [57] as burner stabilised free flames us-
ing a stochastic soot model while varying the rate of soot oxidation by O2
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Figure 5.3.: Measured particle number concentration M0 in flame C4 of
Abid et al. [57] as a function of height above the burner (HAB) and
corresponding calculations by Celnik et al [59] while using either a
faster (old) or a slower (new) rate of soot oxidation by O2. The figure
is taken from Ref. [59].
Figure 5.4.: Measured normalised soot PSDs in flame C4 of Abid et al. [57] at
di↵erent heights above the burner and corresponding calculations by
Celnik et al [59] while using either a faster (old) or a slower (new) rate
of soot oxidation by O2. The figure is taken from Ref. [59].
between an older (higher rate) and a new (calculated using DFT and transi-
tion state thoey reulting in a lower rate) rate constant. The calculated [59]
and measured particle number concentration of flame C4 [57] are shown in
Fig. 5.3 (it is assumed in this discussion that the concentration of particles
with a size below the lower measurement limit has been filtered out from
the computational results). The lower (new) O2 oxidation rate results
in a significant over-prediction of the particle number concentration while
the higher (old) oxidation rate shows an agreement similar to the measure-
ment error for the lower separations between the burner and the sampling
probe. In Fig. 5.4 corresponding measured and normalised soot PSDs can
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be seen. With the faster (old) oxidation rate the sizes of formed particles
are under-estimated while the slower (new) oxidation rate does not capture
the evolution of the PSD with respect to particle size. The PSDs calcu-
lated using fast (old) and slower (new) oxidation rate ar mono-modal and
bi-modal, respectively, while measurements suggests a transition from the
former to the latter. Srignano and D’Anna simulated soot formation in the
flames of Abid et al. [21] using a sectional model including, besides the dis-
cretisation of mass, also the discretisation of particles C/H-ratio as well as
the lower bound free-molecular limit collision e ciency model of Narsimhan
and Ruckenstein [89] . Calculated soot PSDs using the burner stabilised free
flame and the burner stabilised stagnation flow flame approach are compared
with normalised measured PSDs in Fig. 5.5. As can be seen, the growth
of particles is captured well, but the shape of the calculated PSDs do not
agree with the measured ones leading to quantitative disagreement for at
least some particle sizes.
Figure 5.5.: Calculated soot PSDs (primary y-axis) by Sirignano and D’Anna [88]
for a burner stabilised free flame (dashed lines) and burner stabilised
stagnation flow flames (solid lines) and corresponding normalised soot
PSDs (secondary y-axis) measured by Abid et al. [21]. The figure is
taken from Ref. [88].
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6. The role of intermolecular
forces in PAH and soot particle
coagulation
6.1. Previous studies
In this section, a literature review on the influence of intermolecular forces
on PAH molecule and soot particle coagulation is presented. Subsequently,
models for the collision e ciency of coagulation, ↵e, are formulated.
Experimental evidence exists that nano-particle coagulation is enhanced
by intermolecular forces. For example, coagulation rates in the free-molecular
regime for NaCl particles of diameters between 5 and 9 nm and for a
molten lead particle ensemble, where the mean diameter varied from around
1.2 to 15 nm, have experimentally been observed to be higher than the rates
predicted by the collision frequency of non-interacting spheres [90,91]. The
increased rates have been explained by attractive van der Waals forces be-
tween the atoms in the particles.
Marlow [92] proposed expressions for the enhancement factor (Ca) in the
continuum regime as well as for the free-molecular and transition regimes.
The model is based on the attractive van der Waals potential (VvdW ) which
is shown for atom-atom interactions in Eq. (6.1)
VvdW =  CLr6 , (6.1)
where CL is the London constant and r is the separation between two atoms.
The derivation for the free-molecular and transition regime first involves
the formulation of a Hamiltonian, a Maxwellian distribution of velocity and
conditions for which a particle cannot escape the potential of a nearby fixed
particle. From these formulations the flux of particles into the event horizon
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Since the rate of collisions between two par- 
ticles depends only on the relative motion, 
only Eq. [17] needs to be considered in the 
subsequent treatment. 
The relative motion can now be repre- 
sented by the Brownian motion of a fictitious 
particle of reduced mass mr(=mp/2), with 
the friction coefficient ~', experiencing the 
same force F. Consequently, 
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where r and e now denote the position vector 
and the velocity of the fictitious particle, 
respectively. However, the Brownian motion 
of the particle in the vicinity of the sphere 
of influence, in a region whose thickness is 
of the order of the average correlation length, 
cannot be described by the Fokker-Plank 
equation. This is because the time scale of 
motion of the particle in that region is not 
large compared to ~'-L The average correla- 
tion length (or, equivalently, the apparent 
mean free path) Xr for the Brownian motion 
of the fictitious particle of mass m, can be 
defined as 
where 
Xr = ~ - - 1 ,  [ 1 9 ]  
= (16kT~ 1/2 [20] 
\ 7rmp/ 
is the average relative velocity between two 
particles of mass mp. 
As pointed out earlier, the Fokker-Plank 
equation [181 describes the motion of the 
fictitious particle only outside a sphere of 
radius Rs + )~r, where Rs(=2Rp) is the radius 
of the sphere of influence. The motion of the 
fictitious particle in the region of thickness 
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FIG. 1. Different regions for the motion of the fictitious 
particle of reduced mass. 
Xr, next tO the sphere of influence, can be 
described by the Langevin equation. The 
decay length of the overall interaction poten- 
tial due to the van der Waals attraction and 
Born repulsion, based on the shortest distance 
between two particles, is much smaller than 
the correlation length X,. For example, the 
decay length of the overall interaction poten- 
tial between two particles of radius 100 A is 
of the order of 50 A, whereas the correlation 
length for particles of unit density and a 
radius of 100 A, in air, is of the order of 300 
A. 2 Therefore, the motion of the fictitious 
particle of mass m, in the inner region of 
thickness X, can be further subdivided into 
three regions, as shown in Fig. 1. The motion 
of the fictitious particle in the Region I will 
be represented by the Fokker-Plank equation 
(Eq. [18]). Even though the motion of the 
fictitious particle in the inner regions (Regions 
II, III, and IV) can only be described by the 
Langevin equation (since the fictitious particle 
does undergo collisions with the medium), 
in the present model, it is assumed that the 
change in the momentum of the fictitious 
particle due to the collisions with the medium 
is negligible in the inner regions, i.e., the 
motion of the fictitious particle in Regions 
II, III, and IV can be approximated by a 
2 One may note that the correlation length for the 
relative Brownian motion in liquids is two orders of 
magnitude smaller because of a much higher viscosity. 
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Figure 6.1.: The di↵erent zones around the stationary particle in the model of Nar-
simhan and Ruckenstein [89]. The curve below the horizontal arrow is
the potential between the particles. A particle crossing the boundary
between zone I and II has to have an direction within the angle ⇡ !l
in order to become influenced by the potential. In the figure rm is the
distance to the minimum of the potential, RS is the collision radius,
rd is the decay length of the potential and r0 is the collision radius
together with the correlation length for Brownian motion. The figure
is taken f om Ref. [89].
of the potential of a fixed particle is expressed as an integral. The van der
Waals correction factor (Ca) is then calculated from that flux. The value
of the van der Waals enhancement factor for 2.5 and 4.5 nm NaCl particles
was estimated to be 2.87 and 2.81, respectively.
Narsimhan and Ruckenstein [89] derived two expressions for the upper
and the lower bound of the co gulation rate constant valid for all Knudsen
numbers and for particles of the same size that interact with each other
according to the Lennard-Jones potential
VLJ(r) =  m
✓✓
ra
r
◆12
  2
✓
ra
r
◆6◆
(6.2)
which is attractive until short separations. In Eq. (6.2),  m is the mini-
mum energy occuring at ra and r is the separation between the atoms. The
derivation was carried out by dividing the space surrounding a fixed particle
into four regions: I the first region a approaching par icle undergoes col-
lisions with the medium without interacting with the fixed particle; in the
second region the approaching particle does not collide with the medium
and is not influenced by any potential; in the third region the approach-
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ing particle is attracted to the fixed particle through van der Waals forces
and at the same time does not collide with molecules in the medium; in
the fourth region the approaching particle is repelled by the fixed particle
through the repulsive first part of the Lennard-Jones potential. The reflec-
tion in the fourth region is described by a boundary condition for this region
where particles are reflected di↵usively. The four zones together with the
potential are shown in Fig. 6.1. The velocity distribution in the first zone
is derived from a truncated solution of the Fokker-Plank equation and is
then used to derive the net flux of particles at the reflecting boundary. The
resulting lower bound coagulation rate constant has a complex expression,
but when Kn ! 0 (the continuum regime) it takes the form of Eq. (5.6).
When Kn ! 1 and  0 ! 0 (the free-molecular regime and low potential
well depth),   becomes exponentially dependent on both the depth of the
potential between the particles and the temperature as is shown in Eq. (6.3),
leading to values below 1.
  = 1 
⇣
1 +
 0
kbT
⌘
exp
⇣
   0
kbT
⌘
(6.3)
Because the depth of the potential well between the particles depends on
their sizes,   will decrease exponentially with decreasing particle size. It was
argued that this is a lower bound of   because the friction experienced by
the repelled particle would increase  . When particles become su ciently
large, the potential well is so deep that the residence time in the force field
reaches an order of magnitude where friction forces have time to act on the
particle. Narsimhan and Ruckenstein [89] therefore derived an expression
for the upper bound coagulation rate constant by considering the third and
the fourth zones as sinks. The resulting upper bound in the free-molecular
regime is   = 1. The derived expressions for the lower and upper bound
were compared to experimental data where Kn varied between 0.83 and
12.2. It was concluded that the upper bound for the coagulation rate con-
stant agreed reasonably well, except for the smallest particles (6 - 7.6 nm)
investigated, where the coagulation rate was under-estimated possibly due
to deviations from sphericity. The upper bound was believed to be valid for
particles with a diameter above 10 nm but the particle sizes for which the
lower bound is valid could not be established using available experimental
data. A coagulation model based on the work of Narsimhan and Rucken-
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stein [89] was used by Lindstedt and Waldheim [22], as part of the present
work, when simulating soot formation in laminar premixed flames and re-
tained for the more recent soot modelling studies presented in the current
work. The derivation of the coagulation e ciency model is presented be-
low. Since the lower and upper bound models are derived for mono-disperse
aerosols, they cannot be directly applied to soot formation modelling. How-
ever, the free-molecular limit of the upper bound model is trivially obtained
and the lower bound model can be derived for a poly-disperse aerosol in
the free-molecular regime, as will be shown in this chapter. For comparison
purposes the lower and upper bound models [89] have been implemented
for an poly-disperse aerosol by assuming that parameters can be formed
from averaging properties from di↵erent particle size classes and further
explained later in this chapter. Since the model of Narsimhan and Rucken-
stein [89] does not predict an enhancement of the collision rate by attractive
forces, possibly due to simplifications made during the derivation, a van der
Waals enhancement factor is included in the model. The implementation is
described below.
In another e↵ort to model the influence of intermolecular forces on soot
particle coagulation, Harris and Kennedy [66] used calculations of the van
der Waals force between soot particles to estimate the van der Waals en-
hancement factor (Ca). The Hamaker constant [93],
AH =
⇣ ⇡⇢
NA
⌘2
CL (6.4)
where ⇢ is the density of one of the bodies, is often assigned a key role when
evaluating van der Waals forces between bodies. Kennedy and Harris [94]
calculated the exact retarded1 Hamaker constant for two planar half spaces.
Together with a geometrical factor for spherical particles, the potential be-
tween two spheres was calculated and the method of Marlow [92] was used
to obtain the van der Waals enhancement factor. The resulting value of Ca
is dependent on particle size. In a subsequent work, Ca was calculated for
soot particles of di↵erent sizes at a temperature of 1600 K [66]. For 1 nm
and 30 nm particle pairs, Ca was estimated to be 2.4 and 2.2, respectively.
1When the distance between two molecules becomes su ciently long, the speed of light
limits the exchange between the molecules leading to a decorrelation of the electrons
of one molecule in respect to the electrons of the other molecule and vice verse. This
weakens the van der Waals forces, which are then said to be retarded.
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For particle diameters above 35 nm, Ca decreased rapidly to unity. From
light scattering measurements in a flat ethylene flame, Ca was estimated
to be around 2 up to a residence time of 19 ms, after which it started to
decline, which was explained by the formation of aggregates. It was also
shown through simulations that the evolution of the PSD when setting Ca
equal to 2.2 for all particles mimicked the evolution of the PSD when Ca
is size dependent. This value has hence been used in later soot models
with [63] and without [65] assigning a collision e ciency.
Miller et al. [95] estimated the equilibrium concentration of dimerised
PAH molecules in flames for the purpose of comparing the computed and
measured number concentrations of soot particles in the diameter range of
3 to 5 nm. The equilibrium constants were calculated from the second viral
coe cient of the PAHs, which in turn were calculated from an intermolecu-
lar force potential. The dimer number concentrations for PAHs containing
1, 7 and 19 rings were calculated to 4.7⇥1010, 3.2⇥108 and 2.9⇥106 dimers
per m3, respectively, at 1400 K. This is much less than the particle number
concentration for particles with a diameter between 3 and 5 nm in atmo-
spheric pressure flames. The implication is that if the chain of processes is
reversible, the dimerisation of PAH molecules can not be a first step towards
the formation of small soot particles because of the low equilibrium concen-
tration of dimers. However, if an irreversible step is present in the process,
then the equilibrium concentration would not be the limiting factor but
rather the rate of that irreversible step. In a subsequent study, Miller [96]
derived two di↵erent kinetic expressions for PAH dimerisation, with PAH
molecules subject to an attractive force at long and intermediate distances
and a repulsive force at short distances. The argument follows the Lennard-
Jones potential. It should be noted that if two bodies are rotating around a
shared centre of rotation located between them, a centrifugal force will be
present so that there is a local potential energy maximum at intermediate
separations. The first expression was derived under the assumption that, in
order for a dimer to be formed, the PAHs must rotate around a shared cen-
tre of rotation due to attractive forces long enough so that a collision with
a third-body occurs that will stabilise the dimer. In the derivation of the
second expression, it was assumed that all PAH molecules having a kinetic
energy in excess of the potential energy maximum will form a dimer and
that the kinetic energy is absorbed by the colliding pair. The third-body
95
collision model produced a   of the order 0.05. The energy accommoda-
tion model produced a   around, 2.2 similar to the study of Kennedy and
Harris [94]. Miller [96] compared the time scale of dimer decay, using equi-
librium constants, with other chemical time scales of soot formation. From
the study it was concluded that molecules with reduced masses of 400 u or
more (for the energy accommodation model) forms dimers that are su -
ciently long lived so that their dimerisation can contribute to the evolution
of the soot size distribution.
Schuetz and Frenklach [97] carried out molecular dynamics simulations of
the dimerisation of pyrene. The dimer of two pyrene molecules was found
to be stabilised by the conversion of the kinetic energy into internal rotors
and vibrational modes and also by the establishment of a van der Waals
bond. Simulations were carried out at 1600 K with the speed of the collid-
ing molecules varied and the initial geometry was the one that gave dimers
with longest life times. At the higher speed of 49% of the most proba-
ble speed from the Maxwell-Boltzmann distribution the dimer life time was
17 ps. At the lower speed, which was 15% of the most probable speed, the
dimer still existed at the end of the simulation giving it a life time longer
than 17.5 ps. Simulations were also carried out at a temperature of 1200 K
where the longest life time found was 12 ps due to the sensitivity to initial
speed and geometry. The life time of pyrene dimers were also estimated
by calculating the equilibrium constant of dimerisation from partition func-
tions where the internal rotational degrees of freedom was varied. For two
internal rotors (which according to the authors is very likely) the life time
of the dimer, 0.55 ns, is comparable to the time scale of collisions of the
dimer with the bath gas. For three internal rotors (which according to the
authors is possible) the life time of the dimer, 0.3 µs, becomes comparable
to the chemical reaction time scales of aromatic growth. The equilibrium
constant is hence very sensitive to the number of internal rotational degrees
of freedom. In a subsequent study, Wong et al. [98] studied the dimerisation
of peri-condensed aromatic hydrocarbons2 (PCAH) and aromatic-aliphatic-
linked hydrocarbons3 (AALH) of di↵erent sizes using molecular dynamics.
It was found that the life times of the formed dimers increased with dimer
mass and that, for molecules of comparable size, PCAH dimers have a longer
2PAH consisting of fused aromatic rings.
3PAH consisting of aromatic functional groups linked by carbon chains.
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Figure 6.2.: The structure of circobiphenyl.
lifetime than AALH dimers. In all the simulations carried out for the naph-
thalene (256 u) and the coronene (600 u) dimer, the longest life times were
3.75 and 20 ps, respectively.
D’Alessio et al. [99] measured the particle size distribution in an atmo-
spheric premixed ethylene/air flame using light scattering/extinction. By
comparing the size distribution at di↵erent residence times, the coagula-
tion coe cients for di↵erent particle sizes were estimated. For the smallest
measurable particles with a diameter below 3 nm,   was found to be of the
order 10-3. For particles with a diameter above 6 nm,   approached unity.
D’Alessio et al. [99] suggested that   would follow the lower bound for small
particles in the free-molecular regime (see Eq. (6.3)) derived by Narsimhan
and Ruckenstein [89] using a Hamaker constant of 3 ⇥ 10 20 J. This gave
good agreement for 3 nm particles, but under-estimated the collision e -
ciency for 6 nm particles. In a subsequent modelling study, D’Anna and
Kent [100] used the lower bound of Narsimhan and Ruckenstein [89] for
small particles in the free-molecular regime to estimate coagulation rates
using a Hamaker coe cient of 5 ⇥ 10 20 J, which is the value for ben-
zene [93]. The value of   becomes very small with decreasing particle size
and resulting in a value of the order 10-5 for a particle diameter of 0.8 nm
at 1500 K. Dimers, trimers and and tetramers of PAHs have been detected
in flames using photoionisation mass spectrometry by Happold et al. [101].
The measured mass spectrums had hills when using a laser wavelength of
193 nm. The first hill in the spectrum consisted of monomer PAHs with
a peak at pyrene. The following hills were suggested to be due to dimers,
trimers and tetramers of PAHs and appeared as overlaid series. The mass
range of the dimers were between 800 and 1200 u. The distance in mass
between the peaks of the hills was approximately 450 u, which therefore is
the average monomer size of the stacks. An example of a possible monomer
is circobiphenyl, which has a molecular weight of 473 u and consists of 12
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aromatic rings. The structure of the spectrum and hence the formation
of PAH stacks is dependent on temperature and pressure where a too low
temperature inhibits formation of dimers and an increase in pressure leads
to an increase in monomer size. The ionisation order, which is the num-
ber of photons needed to ionise a molecule, was calculated for peaks in the
spectrum. It was found that the compounds in the overlaid series had a
ionisation order of one, which is below the ionisation order of the monomer
PAHs. The lower ionisation order of the overlaid series was suggested to
be due to the lowering of the ionisation energy when PAHs form stacks. It
has been previously shown through quantum mechanical calculations that
the energy di↵erence between electronic states is reduced when two PAH
molecules form stacks [102].
Herdman and Miller [103] calculated binding energies of PAH dimers and
PAH clusters using intermolecular potentials. It was found that the bind-
ing energy per carbon atom increased rapidly with reduced mass and ap-
proached asymptotically the exfoliation energy of graphite, 5.0 kJ/mol/C
atom. According to the analysis, PAHs with a reduced mass above 83 u
would form stable monomers. This implies that the phenanthrene dimer,
which has a reduced mass of 89 u (178 ⇥ 178/(178 + 178) = 89 u), would
be stable. The basis for this analysis is that exp( BE(83 u)/kbT ) ⇡ 0.01,
where BE(83u) is the binding energy when two PAHs with a reduced mass
of 83 u form a dimer. The binding energy per molecule in PAH clusters was
found to increase with cluster size but has a limit that depends on the size
of the monomers.
Raj et al. [63] introduced a collisional e ciency term (↵e), in addition to
a van der Waals enhancement factor of 2.2, that depends exponentially on
the mass and the diameter of the smallest colliding PAH cluster in a binary
collision. The growth and coagulation of PAHs in laminar ethylene/oxygen
flames, for which the PAH mass spectrums had been measured, were sim-
ulated. The parameters of the collision e ciency expression were tuned so
that the computed mass spectrum of PAHs qualitatively agreed with mea-
surements where the intensity was obtained in arbitrary units. With the
fitted expression, monomers with a collision diameter of more than 1 nm
and a mass of more than 360 u form dimers in a considerable amount, but
still with a rate lesser than the number of collisions, resulting in a ↵e of the
order 0.01.
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The formation of PAH clusters was recently investigated by Chung and
Violi [104] using molecular dynamics simulations of systems consisting of
1000 individual molecules. The ability of PAHs to form clusters increases
with monomer mass and decreases with temperature. At flame conditions
(1500 K), dimerisation is a reversible process resulting in a low fraction of
PAH molecules involved in clusters. The reversibility of PAH dimerisation
decreased with decreasing temperature. The tendency of forming clusters
was higher for peri-condensed aromatic hydrocarbons with side branches
than for peri-condensed aromatic hydrocarbons without side branches, be-
cause of the additional degrees of freedoms that the kinetic energy can be
dissipated to upon collision. Aromatic-aliphatic-linked hydrocarbons were
suggested to have the poorest ability to form clusters. The collision ef-
ficiency, in this study defined as the probability that a cluster is formed
upon collision, tells nothing about the survival, decreased with temperature
and increased with monomer mass but was independent of PAH class. At
1500 K, the collision e ciency was of the order 0.01 to 0.1 for monomer
masses ranging from 200 to almost 450 u. At a temperature of 1500 K,
the pyrene and the coronene dimers had longest lifetimes of 30 and 230 ps,
respectively. The conclusion of the study [104] is that coagulation stabilised
by intermolecular forces can not explain the formation of PAH clusters at
temperatures typical of flames. This is in contrast to the findings of Schuetz
and Frenklach [97] who showed that the pyrene dimer life time was likely to
be comparable to the time scale of collisional stabilisation by the bath gas
depending on the degrees of freedom.
6.2. The lower bound collision e ciency in the
free-molecular regime
The derivation of a lower bound for the collision e ciency in the free-
molecular regime for a poly-disperse aerosol by Lindstedt andWaldheim [22],
as part of the current work, is shown below.
In the free-molecular regime, the relative movement of two particles (i, j)
is described by a Maxwellian distribution (f(~v0)) [105,106]
f(~v0) =
 
mr
2⇡kbT
!3/2
exp
 
  mrv
2
0
2kbT
!
, (6.5)
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Figure 6.3.: The geometry of the relative motion between a stationary particle and
a particle of reduced mass. The potential energy between the particles
is designated with U(r). The figure is taken from Ref. [22].
where mr = mimj/(mi +mj) is the reduced mass. Following the relative
motion approach of Narsimhan and Ruckenstein [89], the system is treated
using particles of reduced mass moving relative to stationary particles. The
collision radius rc = ri+rj is shown in Fig. 6.3. The movement of a particle
is assumed to be frictionless within a radius r0 = rc +  r [89], where  r
is the correlation length of Brownian motion. For a particle crossing the
surface at r0, it is assumed that the angle (!) between the velocity vector
(~v0) and the space vector (~r0) must satisfy the condition
 1  cos(!)  cos(!0) =  (1  r2c/r20)1/2, (6.6)
in order to cause a collision that may lead to coagulation. The enhance-
ment due to the attractive part of the potential is taken into account via
the inclusion of the van der Waals factor (Ca) as discussed below. Incom-
ing particles satisfying Eq. (6.6) are assumed to be reflected randomly at
the surface (rm) of the minimum of the potential (U(rm)) and otherwise
elastically due to insu cient contact. A possible increase of the collision
rate by defining !0 in Eq. (6.6) in terms of rm, rather than rc, only a↵ects
coagulation between small (< 4 nm) particles and the PSDs computed in
the current work are not sensitive to this assumption. At the minimum of
the potential, the flux of incoming particles that may coagulate (Ji(rm)) is
shown in Eq. (6.7). The vector ~n in Eq. (6.7) is normal to the spherical
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surface at ro.
Ji(rm) = Caninj
r20
r2m
Z
(~v0 · ~n)f(~v0)d~v0 = Caninj r
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0
r2m
2⇡
Z Z ⇡
!0
v0cos!v
2
0
⇥
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2⇡kbT
!3/2
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8kbT
⇡mr
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(6.7)
The velocity statistics of the randomly reflected particles at rm are given by
the Maxwellian half range distribution (~vr · ~r   0) shown in Eq. (6.8) [89].
f r(~vr) = Kexp
 
  mrv
2
r
2kb✓T
!
(6.8)
The parameter K in Eq. (6.8) is determined from the condition that the
flux of incoming particles (Ji(rm)) must equal the flux of reflected particles
at rm [89]:
K = Caninj
r2c
r2m
 
mr
2⇡kb✓T
!3/2
✓ 1/2 (6.9)
The distribution f r is not normalised due to the definition of the parameter
K. The parameter ✓ is the ratio between the surface temperature of a
stationary particle and the gas temperature under the assumption that the
(in the current frame of reference) moving particle stay in contact long
enough with the stationary particle (e.g. due to surface roughness) to reach
thermal equilibrium with the latter [89]. It accounts for the additional
energy added by the interaction. The estimation of ✓ is based on the average
kinetic energy of incoming (satisfying Eq. (6.6)) and randomly reflected
particles at the minimum of the potential [89]. It can be shown that ✓ can
be expressed in terms of the velocity distribution of incoming particles [89]
3
2
kbT✓
Z
!0!⇡
f(~v0)d~v0 =
Z
!0!⇡
mrv2m
2
f(~v0)d~v0, (6.10)
where the velocity of incoming particles at the minimum of the potential
(vm) is given by v2m = v
2
0+2 0/mr and  0 (= |U(rm)|) is the potential well
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depth. The resulting expression of the dimensionless surface temperature is
given in Eq. (6.11).
✓ = 1 +
2 0
3kbT
, (6.11)
A fraction of the reflected particles will not have enough kinetic energy
to overcome the attractive potential (vr  (2 0/mr)1/2) [89]. For the free-
molecular regime, the net flow of particles (4⇡Af ) across the spherical sur-
face at rm is given by Eq. (6.12).
4⇡Af = 4⇡r
2
m
"
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Z
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#
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(6.12)
The coagulation rate constant can be formed from the net flow [89]
 lij =  
4⇡Af
ninj
= Ca⇡r
2
c
 
8kbT
⇡mr
!1/2"
1 
 
1 +
 0
kb✓T
!
exp
 
   0
kb✓T
!#
,
(6.13)
where
↵le = 1 
 
1 +
 0
kb✓T
!
exp
 
   0
kb✓T
!
(6.14)
can be identified as the lower limit of the collision e ciency.
6.3. Collision e ciency model in the
free-molecular regime
Lindstedt and Waldheim [22] developed a collision e ciency model involv-
ing a size dependent interpolation between the conceptual lower and upper
(↵ue = 1) limits of Narsimhan and Ruckenstein [89] in the free-molecular
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regime, as part of the present work. The interpolation between the limits
was carried out using mixing functions (fmi ) and is shown in Eq. (6.15),
where ↵le is given by Eq (6.14).
↵e = (f
m
i f
m
j )
1/2↵ue +
 
1  (fmi fmj )1/2
 
↵le (6.15)
To calculate the lower limit collision e ciency for non-carbonised parti-
cles (as for to the studied conditions [21, 57, 58]) a non-retarded Hamaker
constant of 7.0 ⇥ 10 20 J was used by Lindstedt and Waldheim [22]. The
Hamaker constant can be expected to increase towards the value of graphite
(⇡ 5⇥ 10 19 J [99]) during the carbonisation process. As mentioned above,
D’Alessio et al. [99] used a lower limit value of 3.0⇥ 10 20 J and D’Anna
and Kent [100] applied the value for benzene [93] of 5.0⇥10 20 J. Lindstedt
and Waldheim [22] showed that for the flames of lowest temperature in their
study, a Hamaker constant of 5.0⇥10 20 J is more suitable and possibly ex-
plained by the slower carbonisation rates. The parameter for the potential
minimum position for atom-atom interactions (ra in Eq. (6.2)) was set to
0.388 nm [107]. The mixing function used for the interpolation procedure
is given in Eq. (6.16),
fmi =
1
2
⇣
tanh
 
Amix
 
dp,i  Dmix
  
+ 1
⌘
, (6.16)
In Eq. (6.16), Dmix is the diameter where the upper bound begins to be
dominant and
Amix = ln[↵e,A4/(100  ↵e,A4)]/(2dp,A4   2Dmix) (6.17)
is defined so that the contribution of ↵ue remains insignificant (⇠1 %) for
pyrene. The upper bound is subject to some uncertainty as explained ear-
lier. Narsimhan and Ruckenstein [89] showed that 6 – 7.6 nm particles have
a collision e ciency around unity and D’Alessio et al. [99] estimated ' 0.75
for 6 nm soot particles. The optimal value of Dmix was found by Lind-
stedt and Waldheim [22] to vary in the range 2.5 to 6 nm for the flames
of Abid et al. [21, 57, 58] and to decrease with increasing maximum flame
temperature (Tmax). A possible explanation is that the rate of the internal
carbonisation process increases with temperature and hence causes the po-
larisability of particles to change [99]. This may lead to a faster transition
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Figure 6.4.: The value of the parameter D in Eq. (6.16) as a function of maximum
flame temperature. Optimum values for the di↵erent flame sets at
H = 1.0 cm are shown with open circles ( ) and values calculated
by the fitted expression in Eq. (6.18) are shown with a solid line (—).
The figure and caption are taken from Ref. [22].
to the upper bound due to stronger attractive forces in combination with
friction. The e↵ect of internal carbonisation may be qualitatively accounted
for by allowing Dmix to be temperature dependent. The functional form of
Eq. (6.18) was developed by Lindstedt and Waldheim [22] to describe the
change of the parameter with maximum flame temperature for the studied
flames [21,57,58] and is e↵ective within the limits 2.0  Dmix (nm)  10.5
as shown in Fig. 6.4.
Dmix = 4.25⇥ 10 9
 
tanh
 
27000
Tmax(K)
  15.57
!
+ 1
!
+ 2.0⇥ 10 9 (6.18)
The corresponding collision e ciency function for Dmix = 5.0 nm is shown
in Fig. 6.5.
Figure 6.5.: The collision e ciency for coagulation as a function of particle diameter
and for di↵erent temperatures: (—) 600 K, (· · ·) 1050 K, (- -) 1500 K,
(- · -) 1950 K. A value of 5.0 nm of the parameter Dmix in Eq. (6.16)
was used. The figure and caption are taken from Ref. [22].
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6.4. Adaptation of a mono-disperse coagulation
model to a poly-disperse aerosol
6.4.1. The lower bound of the coagulation rate
The lower and upper bound coagulation models of Narsimhan and Rucken-
stein [89] were derived for mono-disperse aerosols. However, for comparison
purposes, as part of a sensitivity analysis, the models were applied by Lind-
stedt and Waldheim [22] by assuming that parameters can be averaged for
particles of di↵erent size classes. The parameter A is proportional to the
net flow of particles of reduced mass into the minimum of the potential of
stationary particles (see the previous section) and is given by Eq. (6.19) [89].
In the current work, the right hand side of Eq. (6.19) has been multiplied
by the van der Waals factor (Ca) to account for the enhancement by inter-
molecular forces.
A = Ca
"
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2
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The parameter n1 is the product of concentrations and given in Eq. (6.20).
n1 =
8<:ninj i 6= j1
2ninj i = j
(6.20)
The model constant   is given in Eq. (6.21) and the parameter h is defined
in Eq. (6.22).
  =
⇣30
11
⌘1/2 4
(2⇡)1/2
(6.21)
h =
 
mr
kbT
!1/2
(6.22)
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The e↵ective Knudsen number () is given in Eq. (6.23), where ⇣ 1 is the
relaxation time for Brownian motion [89]. The e↵ective Knudsen number is
the ratio between the correlation length of Brownian motion and rm (which
is of the order of the particle radius). The above correlation length is the
length travelled by a particle without the motion being significantly a↵ected
by random collisions by bath gas molecules and can therefore be interpreted
as similar to the mean free path of gas molecules. The formation of the mean
e↵ective Knudsen number is discussed below.
 =
 r
rm
=
4⇣ 1
(2⇡)1/2hrm
(6.23)
The dimensionless parameter R is the ratio between rm and r0 (see Sec-
tion 6.2) and is expressed using the e↵ective Knudsen number [89]:
R =
rm
r0
=

+ 1
(6.24)
The parameter µ0 is the cosine value of the largest angle of incidence at r0
leading to a collision that may cause coagulation.
µ0 =  
 
1 
 
rc
rm
R
!2!1/2
(6.25)
The rc/rm term in Eq. (6.25) has been added since it is assumed that
Eq. (6.6) must be satified in order to cause a collision that may lead to
coagulation. The dimensionless potential well depth   is formed by nor-
malising the well depth with the temperature and the Boltzmann constant.
  =
 0
kbT
(6.26)
The dimensionless surface temperature (✓) [89] is calculated by assuming a
Maxwellian velocity distribution (Eq. (6.11)), which eliminates the need to
solve a non-linear equation system in order to obtain the coagulation rate.
The parameter B in Eq. (6.19) is unknown and a further relationship for
the net flow of energy of the colliding particles is required, which is shown in
Eq. (6.27) [89], where the right hand side has been multiplied with the van
der Waals enhancement factor (Ca) in order to account for the increased
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flow of particles.
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The parameter A can be obtained from Eqs. (6.19) and (6.27) as shown in
Eq. (6.28).
A =
n1r2c
(2⇡)1/2h
⇥
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(6.28)
In Eq. (6.28), ↵le is the lower bound collision e ciency in the free-molecular
regime (Eq. (6.14)) and C1 to C6 together with ⇥ are given by Eqs. (6.29)–
(6.35).
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The lower limit coagulation rate constant ( l) is related to the parameter
A through Eq. (6.36) [89].
 l =  4⇡A/n1 (6.36)
6.4.2. The upper bound of the coagulation rate
For the upper bound model [89], the particle flow and mass balances are
similar to Eqs. (6.19) and (6.27) with the van der Waals enhancement factor
added as shown above. The parameter A0 can also be obtained in the same
way to give:
A0 =
n1r2c
(2⇡)1/2h
⇥ Ca ⇤ (C6/C2   2)  C4
C 03 + Ca
 
C1C6
C2
  C5
!
  C6C2
(6.37)
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All parameters in Eq. (6.37) are the same as for the lower bound model,
except C 03 which is given in Eq. (6.38) below.
C 03 =
5
2
+
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C2 R
 
1 +
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 
! 
1
Ca
  C1
!
(6.38)
The upper coagulation rate constant ( u) is calculated from the net flow [89].
 u =  4⇡A0/n1 (6.39)
6.4.3. Implementation of the coagulation models of
Narsimhan and Ruckenstein [89]
The coagulation rate constant is here estimated by interpolation between
the lower and the upper bound rate constants
  = (fmi f
m
j )
1/2 u + (1  (fmi fmj )1/2) l, (6.40)
where the mixing function (fi) is given in Eq. (6.16). When estimating
the e↵ective Knudsen number, the relaxation time for Brownian motion
(⇣ 1) is the only parameter in Eq. (6.23) that is not trivial to obtain from
properties of the di↵erent particles. The relaxation time is related to the
particle di↵usion coe cient (Dp) as shown in Eq. (6.41) [89].
⇣ 1i =
Dp,imi
kT
(6.41)
The e↵ective Knudsen number was found by arithmetic or harmonic av-
eraging of ⇣ for di↵erent size classes resulting in limiting estimates of the
parameter.
6.5. The potential energy between two particles
The potential between atoms in two particles is assumed to follow the
Lennard-Jones form given in Eq. (6.2). In order to obtain the full potential
between two particles, it must be integrated overall atoms in each particle.
U =
Z
v1
Z
v2
q2VLJ(r)dv1dv2 (6.42)
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In Eq. (6.42), q is the number of atoms per volume and v is the volume of
a particle. Hamaker [108] developed a mathematical approach to solve the
integral in Eq. (6.42) for the attractive part of the potential, that also can
be applied to the repulsive part. The approach is to formulate an expression
of the potential between an atom in one of the particles with all the atoms
located at a certain distance (r) in the other particle. From that expression
the potential energy between one particular atom in one of the particles and
all the atoms of the other particle Up is the integral overall values of r.
Up =
Z Rc+R1
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r
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In Eq. (6.43), R1 is the radius of one of the particles and Rc is the separation
between a particular atom of one particle and the centre of mass of the other
particle. The second step is to formulate the potential energy between all
atoms in one particle and the atoms in the other particle at a distance Rc
from the former particles centre. The total potential between the particles
then becomes the integral of all such distances (Rc) seen in Eq. (6.44), where
R2 is the radius of the second particle and C is the separation between the
particles centre of mass.
U(C) =
Z C+R2
C R2
Up⇡q
Rc
C
(R22   (C  Rc)2)dRc (6.44)
The resulting potential is given in Eq. (6.45). The Hamaker constant (AH)
of the attractive part is identified by comparison with Hamaker’s expres-
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sion [108].
U(C) = AH
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Due to the shape of the potential a stepping algorithm can be used to
determine the potential well depth ( 0) numerically.
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7. Modelling of soot particle size
distributions in premixed
stagnation flow flames
7.1. Experimental system and conditions
In the experiments of Abid et al. [21, 57, 58], rich premixed C2H4/O2/Ar
flames are stabilised using a water-cooled sintered porous plug burner. En-
trainment of ambient air is avoided by a nitrogen flow ejected through a
porous ring in the burner. The setup can be seen in Fig. 7.1. The investi-
gated flames had the stoichiometry (  = 2.07: 16.3 mol% C2H4, 23.7.3 mol%
O2 and 60.0 mol% Ar) and the flame temperature was varied by changing
the cold gas velocity (vo) according to Table 7.1, thus obtaining di↵erent
heat transfer rates to the burner. A tubular sampling probe [57,58], which
is shown in Fig. 7.1, and a water cooled plate probe [21], which is shown
in Fig. 7.2, were used to collect flame gas through a 127 µm in diameter
orifice. The separation between the burner and the probe could be set with
an accuracy of ±0.002 cm for the tubular probe [57, 58] and ±0.015 cm for
the plate probe [21]. Sampled flame gases were diluted (⇠ 1:100 to 1:1000
[57], ⇠ 1:1000 [58], > 1:1000 [21]) by 30 L/min (STP) nitrogen and a frac-
tion (1.5 L/min) is routed to the scanning mobility particle sizer (SMPS).
The SMPS measures the PDF using a nano-di↵erential mobility analyzer
(nDMA) followed by a condensation particle counter (CPC) with a lower
detection limit of 2.5 nm [21,57] or in one case (flame set C1) followed by an
Table 7.1.: The cold gas velocity for the di↵erent flame sets [57].
Designation C1 C2 C3 C4 C5
vo [cm/s]* 13.0 10.0 8.0 6.53 5.5
*At standard temperature and pressure conditions.
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Figure 7.1.: The experimental setup with the tubular probe [57]. The flame (repre-
sented by a horizontal bar) is stabilised above the water cooled porous
plug burner. In the post flame zone (represented by the increasingly
shaded area above the flame), gas is sampled through the orifice in the
tubular probe (the pipe crossing the post flame zone) and is diluted.
A fraction of the sampled gas is routed to the scanning mobility par-
ticle sizer (SMPS) shown i the lower right corner in order to measure
the soot PSD. See the text for more details. The figure is taken from
Ref. [57].
aerosol electrometer (AE) with a lower detection limit of 1.6 nm [58]. Size
dependent corrections for di↵usion losses were applied to number concentra-
tion measurements. A correction formula based on nano-particle transport
theory was used to obtain the true diameter of the particles from the mo-
bility diameter since the size of < 10 nm particles are over-estimated due
to the empirical Cunningham slip factor [21,57,58]. It should be noted that
PSDs measured through probe sampling have been found to be more or less
sensitive to the details of the setup, e.g. orifice geometry, the pressure drop
in the orifice, the flow regime of the dilution stream and probe cooling [109].
The temperature was measured only for the C3 case while a sampling probe
was inserted into the flame and thus creating stagnation flow conditions [21].
A type-S thermocouple with a Y/Be/O coating was used and radiation cor-
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(a) Bottom view (b) Side view
Figure 7.2.: The water-cooled plate probe. The figure is taken from Ref. [21].
rections were applied. The positional uncertainty was ±0.015 cm and the
measurement uncertainty was estimated from the uncertainty of the emis-
sivity of the Y/Be/O coating and therefore increasing with temperature.
For the C3 case the temperature uncertainty was at most 79 K.
7.2. Physical model
Consider a 2-dimensional system with an infinite stagnation plane where y
is normal to the surface and x is perpendicular to y. Then the inviscid and
incompressible flow (ue for the x-direction and ve for the y-direction) is [20]
ue = ax, ve =  ay (7.1)
leading to a pressure gradient of
@p
@x
= ⇢euea (7.2)
where ⇢e is the inlet density, ue = 0 is the inlet velocity and a is the
strain rate. The flow field in Eqs. (7.1) and (7.2) is combined with the
viscous and reactive boundary layer between the burner and the tubular
or planar probe, so that ue = ax applies at the burner and the pressure
gradient in the x-direction is given by Eq. (7.2). This renders the following
equations for continuity, momentum, species transport and enthalpy [15,20]
(c.f. Eqs. (2.31), (2.34) and (2.48)):
@⇢u
@x
+
@⇢v
@y
= 0 (7.3)
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In Eqs. (7.3) to (7.6), ⇢ is the density, u is the velocity in the x-direction and
v is the velocity in the y-direction, µ is the dynamic viscosity, Yk is the mass
fraction of the kth species, Rk is the reaction rate, Wk is the molar mass, h
is the mixture enthalpy,   is the heat conductivity, Cp is the mixture specific
heat capacity, nsp is the number of species, hk and Dk are the enthalpy and
the di↵usion coe cient, respectively, of the kth species. The molecular flux
(Jk) can be seen in Eq. (7.7) in terms of mass fractions (c.f. Eq. (2.41)).
Jk =  ⇢Dk
 
@Yk
@y
  Yk 1nw
@nw
@y
!
  ⇢V cYk (7.7)
In Eq. (7.7) V c is the correction velocity in Eq. (2.39) and nw is the inverted
mean molar mass in Eq. (2.38).
A similarity transformed coordinate system ((x, y) ! (x, ⌘)) [16, 20] was
applied to the conservation equations above using the following dimension-
less variables:
 0 = u/ue (7.8)
V =
⇢v
(⇢eµea)1/2
(7.9)
⌘ =
 
a
⇢eµe
!1/2 Z y
0
⇢dy (7.10)
µ0 =
⇢µ
⇢eµe
(7.11)
⇢0 = ⇢/⇢e (7.12)
Equations (7.3) to (7.6) are thereby transformed to:
 0 +
@V
@⌘
= 0 (7.13)
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The boundary conditions at the inflow boundary is Ve = ⇢eve/(⇢eµea) and
 0e = u/ue = 1 for the velocities and (V Yk + J 0k)e = VeYke for the species
where Yke is the mass fraction of the kth species in the unburned gases. The
temperature at the burner boundary is set for the to the measured value
(473 K [21]) so the net flow of enthalpy into the domain will be the di↵er-
ence between the incoming enthalpy of the unburned gases at the specified
temperature and the heat conducted to the burner surface. At the probe
boundary the axial velocity components are zero (Vp = 0,  0p = 0), the
species fluxes are zero ((V Yk + J 0k)p = 0) and the temperature is specified
from measurements [21].
The soot particles are subject to a thermophoretic drift (vth) calculated
using the free-molecular regime limit [110] given in Eq. (7.18), where   is
the kinematic viscosity.
vth =  0.55 @ln(T )/@y (7.18)
In the transition and the continuum regime the thermophoretic drift be-
comes dependent on the ratio of the thermal conductivity between the par-
ticles and the gas [110]. However, for the current conditions (Kn > 1) the
thermophoretic drift is not sensitive to this ratio and the drift speed is close
(10 % di↵erence at Kn = 1) to the value given by Eq. (7.18) [111]. Equa-
tion (7.18) is therefore also used to calculate the thermophoretic drift for
particles in the transition regime. The above transformation of the ther-
mophoretic drift speed is shown in Eq. (7.19) [68].
Vth =
⇢vth
(⇢eµea)1/2
=  0.55µ0@ln(T )/@⌘ (7.19)
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Since the boundary at the probe is considered to be a wall where the ve-
locity in any direction is zero, soot particles are assumed to be deposited
on the probe due to the thermophoretic force acting on them, which was
implemented as a boundary condition for the soot sections. The purpose of
this treatment is to capture the soot particle dynamics at a stagnation sur-
face and is not intended to account for any thermophoretic losses inside the
probe orifice. However, Abid et al. [21] estimated that the linear velocity
inside the probe orifice to be two orders of magnitude higher than the ther-
mophoretic velocity at the stagnation surface and therefore the convection
of soot into the dilution stream can be expected to dominate over ther-
mophoretic losses to orifice walls. The sensitivity of calculated soot PSDs
to deviations from the current probe boundary condition, caused by the
flow into probe orifice, will be discussed further below. The temperature
was corrected (Tc) via Eq. (7.20), where Tad is the adiabatic flame temper-
ature and ⇠ (= 0.19) is the heat loss factor, in order to improve agreement
with measured values [21].
Tc = T ·
 
1  ⇠
⇣ T
Tad
⌘2!
(7.20)
7.3. Result and discussion
The computational results of Lindstedt and Waldheim [22], obtained during
the course of the present work, are presented below together with additional
temperature profiles for the C3 flame set and calculated soot PSDs for
the C2 flame set that were not previously published due to paper length
restrictions.
Measured [21] and calculated temperature profiles are shown in Fig. 7.3
for the C3 flame set. The agreement is arguably reasonable, although the
calculated temperature is somewhat higher than measurements in parts of
post flame zone. A possible reason is that the positional uncertainty of
the thermocouple increases near the stagnation plate [21]. The PSDs of
the other studied flame sets were measured using a tubular probe [57, 58]
and use of the recommended BSS geometry is an approximation. However,
the Tmax values are approximately the same as for the plate probe, though
temperatures in the post flame zone were somewhat higher for the tubular
probe [21].
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Figure 7.3.: Calculated (–) and measured ( ) [21] temperature profiles for the
C3 flame set. Experimental temperature and, in one case, positional
uncertainty are shown with bars.
The calculated soot PSDs obtained using 43 sections are shown in Figs. 7.4
to 7.6 for flame sets C3 to C5. Reasonable to good agreement is obtained
and some of the di↵erences may be due to the approximate nature of the
BSS approximation close to the stagnation plane. For an explanation of the
term reasonable agreement in this context, refer the discussion concerning
the accuracy of comprehensive soot models in Chapter 5. The soot particle
composition and reactivity will evolve [59,60] and the current constant value
↵s (= 0.20) should be considered to be a mean. The assigned value will also
depend on other model aspects and the current choice is lower than that
used by Kazakov et al. [87] (0.35  ↵s  0.60) in the context of a method
of moments based approach.
However, the current collision e ciency model does o↵er an explanation
for the high concentration of smaller particles in the vicinity of the probe,
where the nucleation rate is relatively low due to reduced temperatures and
the small particles already formed are scavenged by collisions with larger
particles during the relatively long residence time caused by flow stagnation.
Larger particles are subject to a collision e ciency below unity as the flame
temperature decreases with the position of the local minimum in the soot
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Figure 7.4.: Measured and calculated soot PSDs for flame set C3. Measured soot
PSDs are shown with open circles ( ) [57] and dots (•) [21]. Calcu-
lated soot PSDs are shown with solid lines (—) and soot PSDs calcu-
lated with ↵s in Eq. (5.27) changed by ±50% are shown with dashed
thick bars and solid thin bars, respectively. The figure and caption are
taken from Ref. [22].
PSD moving to larger diameters. The current work suggests that the cause
is consistent with an increased rate of internal carbonisation caused by in-
creased flame temperatures leading to a change in the polarisability and an
earlier transition to the upper bound limit due to stronger attractive forces
enhancing collisional stabilisation.
The sensitivity of the model to the fraction of sites available for hydro-
gen abstraction (↵s) was investigated through ±50% changes as shown in
Fig. 7.4. A significant sensitivity is observed with the variation encompass-
ing the measured PSDs.
The sensitivity of the PSDs to variations in the parameter Dmix, see
Eq. (6.16), was investigated through ±1 nm changes with results shown in
Fig. 7.5. The variation results in a change of position of the local minima
in the PSDs. Reasonable agreement is obtained for all cases. By contrast,
the assumption of unity collision e ciency (↵e = 1) results in excessive
depletion of small particles as also shown in Fig. 7.5.
The sensitivity of the PSDs to inter-molecular forces is shown in Fig. 7.6.
The bars show calculations with the value of the Hamaker constant
(5.0⇥ 10 20 J) set to that of benzene [93], as used by D’Anna and Kent [100].
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Figure 7.5.: Measured and calculated soot PSDs for flame set C4. Measured soot
PSDs are shown with open circles ( ) [57]. Calculated soot PSDs are
shown with solid lines (—), soot PSDs calculated with the parameter
D in Eq. (6.16) changed by ±1 nm are shown with solid thin bars and
dashed thick bars, respectively, and the dashed lines (- -) are PSDs
calculated using a unity collision e ciency (↵e = 1). The figure and
caption are taken from Ref. [22].
Figure 7.6.: Measured and calculated soot PSDs for flame set C5. Measured soot
PSDs are shown with open circles ( ) [57]. Calculated soot PSDs
are shown with solid lines (—) and with bars showing correspond-
ing PSDs calculated with the value of the Hamaker constant set to
5.0⇥ 10 20 J [100]. The figure and caption are taken from Ref. [22].
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Figure 7.7.: Measured and calculated soot PSDs for flame set C1. Measured soot
PSDs are shown with open circles ( ) [57] and open squares (⇤) [58].
Calculated soot PSDs are shown with solid lines (—). The impact
of changing the heat loss coe cient in Eq. (7.20) by ⇠ = 0.19 ± 0.05
leading to changes in the peak temperature of +35/-48 K are shown
with solid thin bars and dashed thick bars, respectively. The figure
and caption are taken from Ref. [22].
The concentration of small particles increases due to the weaker attractive
forces, which can be explained for this particular flame set (C5) by the lower
temperatures that leads to decreased carbonisation.
The full coagulation model of Narsimhan and Ruckenstein [89] was also
applied to model flame set C5 assuming that mean values of model param-
eters can be formed for particles of di↵erent size classes as described in the
previous chapter. The resulting PSDs were found to be almost unchanged
under the current conditions, though it was observed that coagulation rates
for particles of di↵erent size classes larger than 26 nm were increased. Rea-
sons include the treatment of the transition regime and the assumption of
a mono-disperse aerosol [89].
The concentration of particles subject to a collision e ciency below unity
is sensitive to temperature as shown in Fig. 7.7 for flame set C1. The
bars show the e↵ect of varying the heat loss coe cient in Eq. (7.20) as
⇠ = 0.19 ± 0.05 resulting in Tmax changes of -48/+35 K. The variation is
similar to measurement uncertainties [21, 57].
Abid et al. [21] estimated that the sampling method may perturb con-
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Figure 7.8.: Measured and calculated soot PSDs for flame set C2. Measured soot
PSDs are shown with open circles ( ) [57]. Calculated soot PSDs
are shown with solid lines (—) with bars indicating a positional shift
' 0.6 mm upstream due to experimental uncertainties [21] and calcu-
lated soot PSDs shifted ' 2.4 mm upstream are shown with dashed
lines (- -).
ditions a distance ' 0.6 mm from the probe. The shifting of the PSD
by this amount leads to moderate changes and does not a↵ect the level of
agreement so much as can be seen in Fig. 7.8 for the C2 flame set. The
recommended BSS geometry [21] remains an approximation of the tubular
probe arrangement and the impact of moving the calculated PSD by ap-
proximately -2.4 mm is also shown. The agreement is improved for short
separations (H = 0.55 to 0.60 cm), but at larger separations the bi-modality
of the PSDs is not fully developed.
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8. The sensitivity of soot PSDs
from a reactor system towards
residence time distributions,
inception chemistry and
injection of aromatics
8.1. Experimental system and conditions
In this chapter the residence time distribution (RTD) and inception chem-
istry investigation of a soot generating reactor system done, during the
course of the present work, by Lindstedt and Waldheim [112] is presented
together with an investigation of injection of aromatic compounds into the
system during close to sooting conditions.
The NIST reactor system [46] includes a WSR coupled to a PFR. The
WSR consists of a toroidal chamber with an upper and a lower section. The
WSR will hereinafter be referred to as a jet-stirred reactor (JSR), since non-
ideal RTDs will be investigated in the current chapter in order to study the
impact of limited mixing, while the term WSR implies ideal conditions, i.e.
perfect homogenous mixing. Between the sections there is a jet ring with 48
nozzles where the premixed ethylene/oxygen/nitrogen mixture enters the
reactor. The volume and the diameter of the JSR are 250 ml and 32 mm,
respectively. The gas mixture in the JSR enters the PFR through a flow
straightener. The PFR is 700 mm long with a diameter of 51 mm. There
are four sampling ports at a spacing of 152 mm. Soot can be sampled in the
JSR through a dilution probe. The experimental setup is shown in Fig. 5.1.
Soot PSDs were measured in the diameter range 3  dp  60 nm with a
nano-di↵erential mobility analyser and an ultrafine condensation particle
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counter with a dilution ratio of 1000 [46]. For a ethylene/air mixture cor-
responding to   = 2.0 and an air flow rate of 175 SLPM, a temperature
of 1723 K was measured in the JSR [46]. The residence time in the JSR
is approximately 11 ms [27, 46, 56]. A second fuel can be injected into the
PFR through a probe positioned in the entrance of the flow straightener
leading to the PFR. Before injection the fuel is sprayed into heated argon
gas (100 - 200 C) using an argon driven nebuliser so that the fuel vaporises.
The flow of argon was approximately 4 standard litres per minute (SLPM)
and the fuel exits the probe through 8 holes in a radial direction. Pure
benzene and a methanol/naphthalene mixture (since naphthalene is solid at
room temperature) was injected into the PFR during, without the injection,
non-sooting conditions [46]. The non-sooting conditions corresponds to a
stoichiometric ratio of   = 1.8, an air flow rate of 175 SLPM and addition of
diluting nitrogen (30 SLPM). A nominal dilution ratio of 1000:1 was used,
since it was found to be su cient in a previous study [56]. Correction fac-
tors were applied to the measurements in order to account for dilution, the
e ciency of the ultrafine condensation particle counter, coincidence e↵ects,
di↵usional and thermophoretic losses. As was noted in the last chapter,
the details of probe sampling techniques used to measure particles in the
nano-meter range can a↵ect results [109]. The temperature in the JSR was
1680 K, 1420 K at PFR port 1 and 1340 K at PFR port 3 [46]. Hence,
significant heat losses do occur. Due to the dominance of convective heat
transfer in the WSR, the temperature reported for the WSR have not been
corrected for radiation. Temperatures measured in the PFR were corected
for radiation, but an uncertainty of ±10% was estimated due to soot depo-
sition on the thermocouple bead a↵ecting the size and the emissivity. The
residence time in the non-sooting case was scaled in order to account for the
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Figure 8.1.: Assumed temperature profile in the PFR.
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higher flow rate and the lower temperature in the JSR. The measured PFR
temperatures were also used for the   = 2.0 case since no additional values
were reported and both cases have a similar JSR temperature. During the
calculations in the first part of the PFR, where the temperature profile is
unknown, the temperature is treated as constant and equal to the measured
value at PFR port 1. Between port 1 and 3 the temperature is linearly
interpolated between the two measured values. This assumed temperature
profile in the PFR can be seen in Fig 8.1. The e↵ect of the temperature
drop in the first part of the PFR on the residence time is neglected since
the temperature profile is unknown, leading to a residence time of 18 ms up
to PFR port 1 (  = 2.0) [27]. The temperature drop between PFR port 1
and 3 leads to an increase of the residence time of < 4% that is neglected
due to the estimated small impact on the PSD.
8.2. Reactor model
The impact of a distribution of residence time in the JSR was explored by
considering the fluid elements as batch reactors,
dYk
dt
=
RkWk
⇢
, (8.1)
where Yk is the mass fraction of the kth species having the molecular weight
Wk and being formed or converted with the rate Rk. The final composition
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Figure 8.2.: RTDs used in this work. The Weibull distribution (Eq. (8.3)) with
k = 2.0 and  W = 12.45 ms is shown with a solid line (—) and with
k = 4.0 and  W = 12.15 ms is shown with a dashed line (- -). The
dotted vertical line (:) represents the Dirac delta function  (⌧   ⌧¯).
The figure and caption are taken from [112].
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of the fluid elements depend on their residence time (⌧) and the composition
just downstream of the reactor (Y¯k) depends on the RTD (E(⌧)) as shown
in Eq. (8.2).
Y¯k =
Z 1
0
Yk(⌧)E(⌧)d⌧ ⇡
NrX
j=1
Yk(⌧j)
(⌧j+1+⌧j)/2Z
E(⌧)d⌧
(⌧j+⌧j 1)/2
(8.2)
Equation (8.2) shows that Y¯k is here calculated by discretising the residence
time (⌧n) and using Nr (> 2900) batch reactors. The RTDs used here are
of the Weibull type:
E(⌧) =
kW
 W
⇣ ⌧
 W
⌘kW 1
exp
h
 
⇣ ⌧
 W
⌘kW i
(8.3)
Two values of kW (= 2.0 and 4.0) were used and the values of  W were
chosen so that the mean residence time
⌧¯ =
Z 1
0
⌧E(⌧)d⌧ ⇡
NrX
j=1
⌧j
(⌧j+1+⌧j)/2Z
E(⌧)d⌧
(⌧j+⌧j 1)/2
(8.4)
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Figure 8.3.: Measured [46] and calculated soot PSDs from the JSR. Measured PSDs
at the toroid centre, half radius and surface are shown with open circles
( ), squares (⇤) and diamonds (⇧), respectively. The calculated PSDs
using the Weibull distribution (Eq. (8.3)) with k = 2.0 and  W = 12.45
ms is shown with a solid line (—) and with k = 4.0 and  W = 12.15
ms is shown with a dashed line (- -). The dotted line (· · ·) is the PSD
derived from the Dirac delta function distribution.
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equals 11 ms [46]. The resulting distributions have di↵erent spread around
the mean residence time and both have a low value for short residence times
since it is unlikely that fluid elements travel straight to the outlet after being
introduced into the reactor. A Dirac delta function ( (⌧   ⌧¯)), leading to
Y¯k = Yk(⌧¯), was also used for comparison. The three RTDs are shown in
Fig. 8.2.
8.3. Result and discussion
In Fig. 8.3 measured and calculated soot PSDs from the JSR are shown
for an ethylene and air mixture corresponding to the   = 2.0 case. The
calculated soot PSDs are derived from di↵erent RTDs and show that, with
a wider RTD, larger particles are formed. The agreement is reasonable if
compared to measurements at the centre and the half radius of the toroid.
A constant value of ↵s (= 0.40) is used here for the surface chemistry. The
current choice is within the range of values used by Kazakov et al. [87]
(0.35  ↵s  0.60) in the context of a method of moments based approach
and the di↵erence from the value of ↵s = 0.20 used in the laminar flame
calculations in the previous chapter is comparable to the uncertainty of the
surface growth rate [72].
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Figure 8.4.: Measured [46] and calculated soot PSDs from the JSR. Symbols for
measurements are the same as in Fig. 8.3. The calculated PSDs using
the Weibull distribution (Eq. (8.3)) with k = 2.0 and  W = 12.45 ms
are shown with a solid line (–) for pyrene nucleation and a dashed line
(- -) for nucleation through pyrene, phenalene, phenanthrene and three
isomers of cyclopenta[def]phenanthrene.
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Figure 8.5.: Measured (⇤) [46] and calculated soot PSDs from the PFR. The calcu-
lated PSDs using the Weibull distribution (Eq. (8.3)) in the JSR with
k = 2.0 and  W = 12.45 ms is shown with a solid line (—) for pyrene
nucleation and a dotted line (···) for nucleation through pyrene, phena-
lene, phenanthrene and three isomers of cyclopenta[def]phenanthrene.
A case using the Weibull distribution parameters k = 4.0 and  W =
12.15 ms and extended inception is shown with a dashed line (- -). The
dashed dotted line (- · -) shows the result using k = 2.0 and  W = 12.45
ms when the final composition is calculated through Eq. (8.2) at the
PFR measurement port assuming a Dirac delta function distribution
in the PFR.
Pyrene is presumed to be the nucleating species [27, 28, 34] and the sen-
sitivity of the model was investigated by adding nucleation from phena-
lene (C13H10), phenanthrene (C14H10) and three isomers (1-H, 3-H or 9-H,
where the number refers to the carbon atom having an extra hydrogen)
of cyclopenta[def]phenanthrene (C15H10) through acetylene based surface
growth. The sensitivity analysis is motivated by the uncertainties associ-
ated with particle inception. As can be seen in Fig. 8.4, the additional
nucleation pathways, with phenanthrene inception contributing most, lead
to a higher particle concentration and the formation of larger particles.
Figure 8.5 shows the results for the PFR for two JSR RTDs and the ex-
tended inception chemistry. The sensitivity of the calculated PSDs in the
PFR follows the same behaviour as the corresponding JSR result. Reason-
able agreement is obtained and the under-estimation of the size of formed
particles may be due to uncertainties of the surface growth and oxidation
chemistry. A case where the final composition is calculated through Eq. (8.2)
at the PFR measurement port assuming a Dirac delta function distribution
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Figure 8.6.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8 with
injection of a naphthalene/methanol mixture. Measurements at PFR
port 3 are shown for a naphthalene/methanol solution dosage level of
(⇧) 0.552, (m) 0.811, (⇤) 1.09 and (r) 1.42 SLPM. Calculations at
PFR port 3 using k = 2.0 and  W = 12.45 ms are shown for a benzene
dosage level of (- · -) 0.552, (· · ·) 0.811, (- -) 1.09 and (–) 1.42 SLPM.
in the PFR is also shown in Fig. 8.5. Larger particles are formed since the
PSDs of the fluid elements with a long residence time in the JSR can evolve
further in the PFR before being weighted together.
When the ethylene, oxygen and nitrogen mixture becomes su ciently
lean, around   = 1.8, the formation of soot is below the detection limit.
When an aromatic such as naphthalene is injected into the PFR, soot is
formed in the experiments possibly due to the shorter time scale for the
formation of soot precursors, wich are not su ciently formed during the
relatively leaner conditions. Unfortunately, as has previously observed [27],
the model predicts significant amounts of soot even though the conditions
where   is below the limit where no soot is detected. A possible reason as to
why the model does not respond to a decrease in the stoichiometric ratio as
much as in the experiments may be related to uncertainties in the kinetics
of the current PAH chemistry model [72]. This will cause uncertainties in
the soot inception chemistry causing primary particles (pyrene molecules in
the model case) to be formed to an extent that allows significant formation
of larger soot particles. In particular, the oxidation of PAHs may need to
be addressed and will be investigated further in Chapter 10. It should be
noted that the model has previously shown to give reasonable agreement
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Figure 8.7.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8
with injection of benzene. Measurements at PFR port 3 are shown for
a benzene dosage level of (m) 0.140, (⇤) 0.202 and (r) 0.332 SLPM
together with measurements at PFR port 1 with a dosage level of (⇧)
0.332 SLPM. Calculations at PFR port 3 using k = 2.0 and  W = 12.45
ms are shown for a benzene dosage level of (···) 0.140, (- -) 0.202 and (–
) 0.332 SLPM together with calculations at PFR port 1 with a dosage
level of (- · -) 0.332 SLPM.
with respect to changes in the stoichiometric ratio to     1.9 and changes
in the temperature above 1600 K [27]. Although the reliability of the data
set [56] has been questioned [28], e.g. the possible occurrence of additional
coagulation in measurement equipment, the use of a higher Ca(= 9) [27]
may have compensated for such e↵ects so that the model indeed resolves
changes in temperature and stoichiometry.
When simulating the injection of naphthalene into the PFR, the number
of particles with a diameter smaller than 2 nm increases with the dosage
level as can be seen in Fig. 8.6. The naphthalene injection increases the
nucleation rate and the particles in the size range mentioned above are
formed in the PFR after the naphthalene injection while larger particles
were already formed in the WSR. However, the model does not respond to
the dosage level to the same extent as observed experimentally. Possible
reasons include uncertainties in the kinetics of the current PAH chemistry
model and in the surface growth and oxidation model, but also experimental
uncertainties, e.g. the temperature and stratification around the injection
point.
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Figure 8.8.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8 with
injection of a naphthalene/methanol mixture. Measurements at PFR
port 3 are shown for a naphthalene/methanol solution dosage level of
(⇧) 0.552, (m) 0.811, (⇤) 1.09 and (r) 1.42 SLPM. Calculations at
PFR port 3 using k = 2.0 and  W = 12.45 ms together with nucle-
ation through pyrene, phenalene, phenanthrene and three isomers of
cyclopenta[def]-phenanthrene are shown for a naphthalene/methanol
mixture dosage level of (- · -) 0.552, (· · ·) 0.811, (- -) 1.09 and
(–) 1.42 SLPM.
The model responds qualitatively in the same way when benzene is in-
jected into the PFR as in the naphthalene injection case. This is shown in
Fig. 8.7 together with measured PSDs for the di↵erent dosage levels and the
di↵erent PFR sample positions. As in the naphthalene injection case, the
dosage level does only influence the concentration of small particles since
the larger particles are formed in the JSR and the new particles introduced
by the aromatic injection have not had enough residence time to reach such
sizes at the PFR conditions. By comparing the calculated PSDs at PFR
port 1 and 3 at the dosage level of 0.332 SLPM benzene, the propagation
towards larger sizes of particles formed in the beginning of the PFR is vi-
sualised. The model predicts, depending on the dosage level and position
in the PFR, either too small or too large particles. In the case of predict-
ing too large particles the reason is, as discussed above, the over-prediction
of the soot formation in the JSR at   = 1.8. A possible reason why the
model predicts too small particles is that the nucleation rate or the rate of
surface growth when injecting benzene is under-estimated by the current
mechanism. Below sensitivity analysis are presented that investigates the
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Figure 8.9.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8
with injection of benzene. Measurements at PFR port 3 are shown for
a benzene dosage level of (m) 0.140, (⇤) 0.202 and (r) 0.332 SLPM
together with measurements at PFR port 1 with a dosage level of (⇧)
0.332 SLPM. Calculations at PFR port 3 using k = 2.0 and  W = 12.45
ms together with nucleation through pyrene, phenalene, phenanthrene
and three isomers of cyclopenta[def]phenanthrene are shown for a ben-
zene dosage level of (···) 0.140, (- -) 0.202 and (–) 0.332 SLPM together
with calculations at PFR port 1 with a dosage level of (- · -) 0.332
SLPM.
nucleation chemistry and the surface growth.
When the extended nucleation is applied to the simulations of benzene
and naphthalene injection into the PFR, as shown in Figs. 8.8 and 8.9, more
and larger particles are formed but the response to the di↵erent dosage levels
remains qualitatively as above.
The sensitivity of the model to surface growth was explored by turning o↵
the acetylene surface growth model and replacing it with a surface growth
model where aromatic gas-phase species were condensed on the soot surface.
The aromatic species included cyclopentadiene, benzene, indene, naphtha-
lene and acenaphthalene together with their corresponding radicals. The
estimation of the surface growth rate is based on the rate of formation of
biphenyl by the reaction of a phenyl radical with benzene where the reaction
is shown in Fig. 3.18 [32]. This reaction rate then replaced the acetylene
addition rate in the PAH analogy described in Chapter 5. For the radical
species, the term  S where set to  S H/NA since the radicals were assumed
to react with the surface at any site. In the JSR no particles were formed
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Figure 8.10.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8
with injection of a naphthalene/methanol mixture. Measurements at
PFR port 3 are shown for a naphthalene/methanol solution dosage
level of (⇧) 0.552, (m) 0.811, (⇤) 1.09 and (r) 1.42 SLPM. Calcu-
lations at PFR port 3 using k = 2.0 and  W = 12.45 ms together
with surface growth by aromatic species are shown for a naphtha-
lene/methanol mixture dosage level of (- · -) 0.552, (· · ·) 0.811, (- -)
1.09 and (–) 1.42 SLPM.
since the concentrations of aromatics were too low for the smallest particle
size to grow. But when naphthalene and benzene were injected the con-
centration of aromatic species became high enough to contribute to surface
growth. A value of unity was used for the term ↵s since the soot particles
were newly formed in a relatively low temperature in the PFR. In Figs. 8.10
and 8.11 the result of this approach applied to the naphthalene injection
case and the benzene injection case, respectively, can be seen. In these cal-
culations the temperature in the PFR has been raised with 100 K, which
is within the published measurement uncertainty [46]. In the naphthalene
injection case, the agreement is good and the model responds to the change
of dosage level in a satisfactory way. In the benzene injection case the
agreement is reasonable and the response of the model to the dosage level
of benzene has improved. This sensitivity study of surface growth suggests
that surface growth and oxidation processes are needed to be studied fur-
ther around the soot limit. In Fig. 8.12 the influence of acetylene surface
growth when also using surface growth by aromatics is shown. The rate
of acetylene surface growth has been varied by varying the value of ↵s set
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Figure 8.11.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8
with injection of benzene. Measurements at PFR port 3 are shown
for a benzene dosage level of (m) 0.140, (⇤) 0.202 and (r) 0.332
SLPM together with measurements at PFR port 1 with a dosage
level of (⇧) 0.332 SLPM. Calculations at PFR port 3 using k = 2.0
and  W = 12.45 ms together with surface growth by aromatic species
are shown for a benzene dosage level of (· · ·) 0.140, (- -) 0.202 and (–)
0.332 SLPM together with calculations at PFR port 1 with a dosage
level of (- · -) 0.332 SLPM.
for that particular process. For the case shown with a dosage level of 0.332
benzene, the agreement is improved with a higher acetylene surface growth
rate. However, in Fig. 8.11 it is shown that the size of the particles formed
are over-predicted in the case of a dosage level of 0.140 SLPM benzene. The
acetylene surface growth will thus in this case cause even larger particles to
be formed.
In the current chapter soot formation in a reactor system consisting of
a JSR coupled to a PFR is studied computationally with respect to the
sensitivity of the soot PSD to non-ideal RTDs in the JSR, inception chem-
istry, the sooting threshold (  = 1.8) and injection of aromatic species into
the JSR/PFR junction. The results show that the soot PSDs calculated
by the model are sensitive to the RTD in the JSR, where a higher con-
centration of larger particles is formed with an increase of the spread of
the RTD. If non-ideal mixing is present, the current finding suggest this
would have an impact on the soot PSDs. The sensitivity of the soot PSD
to the inception chemistry was investigated by varying the set of species
able to form nascent soot particles between only pyrene and a set of PAH
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Figure 8.12.: Measured [46] and calculated soot PSDs from the PFR at   = 1.8 with
injection of benzene. Measurements at PFR port 3 are shown for a
benzene dosage level of (r) 0.332 SLPM together with measurements
at PFR port 1 with a dosage level of (⇧) 0.332 SLPM. Calculations at
PFR port 3 using k = 2.0 and  W = 12.45 ms together with surface
growth by aromatic species are shown for a benzene dosage level of
0.332 SLPM and ↵s for acetylene surface growth set to (- · -) 0.0, (· · ·)
0.2, (- -) 0.4 and (–) 0.6.
species consisting of pyrene, phenalene, phenanthrene and three isomers of
cyclopenta[def]phenanthrene. The expanded set of incepting species led to
an increase in particle number and the size of the particles formed. This
shows that calculations of soot formation is sensitive to the choice of in-
cepting species. The response of the soot model when lowering the stoichio-
metric ratio below the sooting threshold (  = 1.8) significantly less than
experiments suggests, with the model predicting a high amount of soot still
being formed. This disagreement may be explained by uncertainties in the
oxidation chemistry of PAHs, which will be investigated later in the cur-
rent work. Injection of aromatic species into the JSR/PFR junction during
(with only ethylene as fuel) non-sooting conditions led to significant soot
formation and the amount of soot formed was dependent on the aromatic
dosing rate in the experiments. However, when the same procedure was
done computationally the sensitivity of the soot PSD to the dosing level of
the aromatic species was modest compared to corresponding experiments.
The reason why the model do not capture the impact of the addition of an
aromatic fuel may be due to uncertainties of the growth process of aromatic
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molecules after being introduced into the stream from the WSR. The un-
certainty of the growth of PAH molecules will be further discussed later in
the current work.
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9. Modelling of soot formation in
laminar ethylene and propane
di↵usion flames
9.1. Experimental system and conditions
Vandsburger et al. [113] investigated soot formation in laminar ethylene
and propane counterflow di↵usion flames. Since non-premixed combustion is
relevant for many soot emitting combustion applications, e.g. diesel engines,
this type of system is relevant to study. Leung et al. [114] has previously
modeled the current flames using a soot model where the mass and number
concentration is solved for, e↵ectively corresponding to the two first two
moments of the PSD. The setup Vandsburger et al. [113] consist of a vertical
square cross-sectional (15 ⇥ 15 cm) wind tunnel with a suspended porous
cylinder burner. The oxygen content of the oxidiser flowing in the wind
tunnel was varied between 18 vol% and 28 vol% by di↵erent amounts of
dilution by nitrogen. The velocity of the incoming oxidiser was 30 cm/s.
The cylinder has a diameter of 2 cm, a length of 5 cm and a pore size of
approximately 25 µm. The leeward half of the cylinder circumference was
coated in order to prevent a wake flame that perturbs the stagnation point
conditions. The velocity of the fuel is 8.76 cm/s in the case of ethylene and
9.95 cm/s in the case of propane, causing the stagnation point to be located
in the fuel rich region.
Measurement of the velocity in the stagnation region were made by laser
dopler velocimetry (LDV) using aluminium oxide as seeding particles. The
temperature was measured by a thermocouple and radiation corrections
were applied. However, Vandsburger et al. [113] consider the temperature
measurements in the sooting region of the flame not to be reliable due to
coating of the thermocouple with soot.
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Figure 9.1.: The experimental setup of Vandsburger et al. [113] (where the figure
is taken from).
Soot in the stagnation region was measured using laser extinction and
scattering where the beam was oriented so that it was parallel to the length
of the porous cylinder. From the extinction measurements, the soot volume
fraction can be estimated and together with the scattering measurements
the PSD moment ratio hd6pi/hd3pi can be estimated. This ratio can subse-
quently be used to estimate the number density and a large particle biased
mean diameter [113]. However, the estimation of hd6pi assumes a mono-
disperse aerosol and that the particles are spherical - Assumptions that are
questionable since 1) a poly-disperse aerosol will be formed during soot for-
mation, as can be seen in previous chapters, and 2) the estimated mean
particle diameter is in the size range where aggregates have been seen to be
formed [74]. Vandsburger et al. [113] recognise the first point and estimate
that it leads to a factor of 8 underprediction of the number density compared
to a log normal distribution. On the second point, Vandsburger et al. [113]
argues that aggregation would be detected in the flame by studying the
evolution of the ratio of depolarised and polarised light in the flame, which
is not the case. However, due to the above discussed uncertainty regarding
the experimental particle number density and ”mean” diameter, only the
experimental soot volume fraction will be compared to calculations above.
The experimental setup can be seen in Fig. 9.1, where the path of the laser
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Figure 9.2.: Schematic representation of setup of Vandsburger et al. [113]. The
indicated ”flame front” is in fact a reaction zone, since it is a non-
premixed flame. The figure is taken from Ref. [113].
beam and detectors for extinction and scattering are shown. The stagnation
region where soot is formed is shown schematically in Fig. 9.2. Vandsburger
et al. [113] calls the reaction zone ”flame front”, but since these flames
are non-premixed, no flame front propagation is involved. During current
conditions, fuel will di↵use across the stagnation point to form first a rich
region but the local   will decrease and eventually becoming lean when
the distance from the burner along the central streamline increases. Soot is
formed in the rich region between the stagnation point and the reaction zone
and is transported by convection and thermophoresis toward the stagnation
point. On the burner side of the stagnation point the soot concentration
decreases rapidly due to that the counter-flow from the burner prevents
further thermophoretic transport.
9.2. Physical model
Due to the stagnation flow of the current setup, the similarity transformed
conservation equations in Eqs. (7.13) to (7.16) are applied to this case as
well. However, the boundary conditions for the current case is di↵erent
compared to the cases in Chapter 7. The length of the domain is set to 2
cm, which is approximately the thickness of the boundary layer estimated
by Vandsburger et al. [113]. The strain rate of the current flames is 63 s 1
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and the parameter a in Eq. (7.2) was set to this value since the boundary
layer thickness is smaller than the length of the wind tunnel upstream of
the burner, which prevents solving for a as an eigenvalue. This procedure
does not lead agreement between the upstream oxidiser velocity (30 cm/s)
and the calculated velocity at the oxidiser boundary. However, the current
model gives reasonable agreement with measured velocity profiles, i.e. the
maximum velocity in the reaction zone is  13% over-predicted and the
slope of the velocity profile in the soot forming zone, which is the area of
main importance, is captured well, except for a positional disagreement that
is discussed further below. The sensitivity of the soot model with respect
to the axial velocity will be investigated below through a variation of the
strain rate. The velocity normal to the burner surface is set to 8.76 cm/s in
the case of ethylene and 9.95 cm/s in the case of propane. The temperature
of the oxidiser is assumed to be 298 K and the temperature of the burner
surface was assumed to be 500 K, graphically estimated from the slope of
the temperature profiles. The transformed velocity component in Eq. (7.8)
was set equal to unity for the oxidiser stream and equal to zero at the burner
surface. The species boundary conditions on both the oxidiser and fuel side
is set to (V Yk+J 0k)b = VeYk,b, where Yk,b is the mass fraction of species k on
boundary b and equal to zero for all species except for oxygen and nitrogen
at the oxidiser boundary as well as for the fuel at the burner boundary. A
temperature correction for radiation was made similar to Eq. (7.20), but
with an exponent of 4 instead of 2. The change of exponent is due to that
radiation heat emissions is, to a leading order, proportional to T 4. The
temperature correction scheme can be seen in Eq. (9.1) where Tad was set
to the maximum temperature of each flame when no correction was applied
and a value of ⇠ = 0.10 and ⇠ = 0.12 gave a good agreement with maximum
temperatures for the propane and ethylene flames, respectively.
Tc = T ·
 
1  ⇠
⇣ T
Tad
⌘4!
(9.1)
The soot surface chemistry model given in Eq. (5.27) involves a concentra-
tion ratio between the naphthalene radical and naphthalene which is given
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in Eq. (9.2) [85].
[C10H7]
[C10H8]
=
K1K7 +K2K6
K4K7K9  K2K5K9  K3K7K8K9 (9.2)
This ratio has had a value approximately [C10H7]/[C10H8] < 0.3 in the sim-
ulations in the two previous chapters, which makes the ratio an acceptable
approximation of the fraction of surface sites on the soot particles where
the hydrogen have been abstracted. However, in parts of the current flame
this ratio has values above unity, probably due to a higher concentration of
abstracting radicals. Therefore the above ratio was modified according to
Eq. (9.3).
[C10H7]
[C10H8] + [C10H7]
=
[C10H7]/[C10H8]
1 + [C10H7]/[C10H8]
(9.3)
Since larger particles, compared to the calculations presented in Chapter 7
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Figure 9.3.: Measured [113] and calculated temperature and velocity profiles for
18% O2 (  and —), 20% O2 (⇤ and - - -), 22% O2 (⇧ and - · -), 24%
O2 (4 and · - -) and 28% O2 (5 and ···) and ethylene as fuel. Distances
are from the burner surface and the velocity is positive when flow is
towards the burner.
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and 8, will be formed in certain cases below, 63 soot sections where used
compared to 43 previously in order to accommendate a wider range of par-
ticle sizes while maintaining the same numerical accuracy.
9.3. Result and discussion
In Fig. 9.3 measured and calculated temperature and velocity profiles can be
seen for the ethylene flames with di↵erent oxygen concentrations in the oxi-
dant stream. The calculated temperature profiles are shifted away from the
burner compared to measurements, but otherwise in reasonable agreement,
i.e. compared to measurement uncertainties in the soot formation zone. The
sensitivity of the soot model results to the temperature will therefore be in-
vestigated further in this section. The calculated velocity profiles are also
shifted away from the burner and somewhat higher in the flame compared
to maesurements, but still reasonable in the sense that was explained in the
previous section. Due to the physical model used in the calculations, the
velocity in the oxidant stream before the flame is over-estimated, but since
the velocity profile is reasonable in the actual flame this over-estimation is
probably acceptable. The sensitivity of the model with respect to the strain
rate will also be investigated below. The measured soot volume fraction
profiles, that are compared to calculated ones, are shifted 0.5 mm away
from the burner due the positional shift of the flame between calculations
and measurements.
4 3 2
y [mm]
1×10-11
1×10-10
1×10-9
1×10-8
1×10-7
1×10-6
So
ot 
vo
lum
e f
rac
tio
n [
-]
4 3 2
y [mm]
4 3 2
y [mm]
4 3 2
y [mm]
4 3 2 1
y [mm]
18% O2 20% O2 22% O2 24% O2 28% O2
Figure 9.4.: Calculated (lines) and measured (m, shifted 0.5 mm away from the
burner) [113] soot volume fraction profiles for laminar counter-flow
di↵usion flames with varying concentration of oxygen in the oxidant
stream. The solid lines (—) are calculations using the soot surface
growth parameter set to ↵s = 0.2 and the dashed lines (- -) are calcu-
lations using ↵s = 0.8. Distances are from the burner surface and the
fuel is ethylene.
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In Fig. 9.4 calculated and measured soot volume fraction profiles for the
ethylene flames can be seen. Soot is formed in the rich part of the flame and
is convected towards the burner until reaching the stagnation point where
the soot volume fraction decreases sharply and thermophoretic transport
becomes dominant. When the oxygen concentration in the oxidant stream
increases, the temperature increases and more soot is formed. However, the
solid lines in Fig. 9.4 represents the calculations using ↵s = 0.2 as the value
of the surface growth parameter and soot levels are under-predicted for all
flames. This under-prediction decreases with increasing flame temperatures
(increasing oxygen concentration). The dashed lines represent calculated
results when the surface growth parameter ↵s is set to 0.8. The calculated
results show great sensitivities towards ↵s where the soot volume fraction
increases almost two orders of magnitude and the level of soot formation
is comparable at the highest oxygen concentration levels. However, the
value ↵s = 0.8 is probably unreasonably high and the current results should
be seen as a sensitivity analysis only. Since, the change of the soot sur-
face growth rate required in order to get comparable levels of soot between
measurements and calculations is higher than the uncertainty connected to
surface growth (a factor ⇠ 2 [72]), the current under-predictions of soot
levels can not be explained by the uncertainty of soot surface growth. The
rate of soot oxidation for the current flames is insignificant compared to the
surface growth rate. Furthermore, including formation of aggregates with a
primary particle diameter of 25 nm and reasonable soot surface growth rates
(↵s  0.4) do not increase the calculated soot volume fractions significantly.
In Fig. 9.5 the sensitivity of the sectional soot model to the tempera-
ture is shown by varying the temperature by approximately ±100 K. The
sensitivity of the model to the temperature is high, where an increase of
the temperature increases the amount of soot formed by up to an order of
magnitude and a decrease in temperature leads to an up to a two orders of
magnitude decrease in soot volume fraction. However, the sensitivity of the
soot model to the temperature together with an uncertainty in both mea-
sured and calculated temperature is not enough to explain the disagreement
between experimental and and calculated soot levels.
The sensitivity of the calculated soot volume fraction profiles towards the
strain rate was investigated by varying the strain rate ±50% and the results
can be seen in Fig 9.6 for the ethylene flames. The soot volume fractions
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decrease almost an order of magnitude when the strain rate is increased 50%.
The amount of soot formed increases approximately an order of magnitude
when the strain rate is decreased with 50% However, the calculated amount
of soot do not reach the same levels as measurements. Since the velocity
profiles have been measured and the calculated velocity is in reasonable
agreement with measurements, the variation of the strain rate of ±50% is
much more than any reasonable estimate of the uncertainty of the strain
rate. The under-prediction of soot for the current flames can therefore not
be explained by the uncertainty of the strain rate.
Since concentrations of PAH soot precursors have not been measured for
current flames, it is unknown if the levels of PAHs in the current flames
are reasonable. This makes the rate of inception of soot an uncertainty and
in Fig. 9.7 the sensitivity of the model towards inception can be seen for
the ethylene flames. The solid lines are the calculated result using pyrene
as the soot incepting species and the dashed lines are calculations using
naphthalene as the soot incepting species. Since naphthalene is higher in
concentration than pyrene, more soot is formed in the case with naphthalene
inception.
In Fig. 9.8 the calculated soot and temperature profiles for the two propane
di↵usion flames with 24% O2 and 28% O2 in the oxidant stream can be seen.
The temperature profiles are in reasonable agreement with measurements
in the sense discussed above. The calculated soot concentrations are, as in
the cases with ethylene as fuel, under-predicted. A sensitivity analysis of
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Figure 9.5.: Calculated (lines) and measured (m, shifted 0.5 mm away from the
burner) [113] soot volume fraction profiles for laminar counter-flow
di↵usion flames with varying concentration of oxygen in the oxidant
stream. The solid (—) lines are the same as the corresponding line in
Fig. 9.4 while the dotted (· · ·) and dashed (- -) lines show a temper-
ature increase and a decrease, respectively, of approximately 100 K.
Distances are from the burner surface and the fuel is ethylene.
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Figure 9.6.: Calculated (lines) and measured (m, shifted 0.5 mm away from the
burner) [113] soot volume fraction profiles for laminar counter-flow
di↵usion flames with varying concentration of oxygen in the oxidant
stream. Calculations has been made using the strain rates 31.5 s 1
(· · ·), 63 s 1 (—) and 94.5 s 1 (- -).
the soot surface growth parameter ↵s can be seen in Fig. 9.8. As in the
case of the ethylene flames above in this chapter, an increase from ↵s = 0.2
to ↵s = 0.8 results in an almost two orders of magnitude in the soot vol-
ume fraction and calculated levels approach measurements. However, as
discussed above ↵s = 0.8 is probably not a reasonable value and the results
should only be seen as a sensitivity analysis.
Since there are no measurements of PAH soot precursors in the current
flames, there is an uncertainty regarding the accuracy of calculated PAH
concentrations and, as a consequence, the rate of soot inception. A sensi-
tivity analysis was made where soot inception by naphthalene and pyrene
is compared. The result can be seen in Fig. 9.9 and, as in the case of the
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Figure 9.7.: Calculated (lines) and measured (m, shifted 0.5 mm away from the
burner) [113] soot volume fraction profiles for laminar counter-flow
di↵usion flames with varying concentration of oxygen in the oxidant
stream. The solid lines (—) are calculations made using the sectional
model setup as in chapter 7 (pyrene is the soot incepting specie) and
the dashed lines (- -) are calculations using naphthalene as the soot
incepting species. Distances are from the burner surface and the fuel
is ethylene.
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ethylene flames in this chapter, soot inception through naphthalene increase
the amount of soot formed due to the higher concentration of naphthalene
compared to pyrene.
In this chapter soot formation in laminar ethylene and propane counter-
flow di↵usion flames with ethylene and propane as fuel have been investi-
gated. Under-predictions of the calculated soot volume fractions compared
to corresponding measurements were obtained for all flames. Subsequent
sensitivity analysis of the soot surface growth rate, flame temperatures,
strain rate and soot inception were made. None of the studied sensitivities
could fully explain the result. However, since it cannot be confirmed that
calculated concentrations of PAH soot precursors are reasonable in the cur-
rent flames, uncertainties regarding the inception chemistry of soot may be
a possible reason for the current under-prediction. Therefore in the subse-
quent two chapters, PAH formation in a laminar premixed benzene flame
and in a laminar counter-flow ethylene di↵usion flame, respectively, will be
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Figure 9.8.: Calculated and measured [113] temperature and soot volume fraction
profiles for laminar counter-flow di↵usion flames with propane as fuel
and with varying concentration of oxygen in the oxidant stream: 24%
O2 (4 and —) and 28% O2 (5 and - - - ). Calculations have been made
using values of the soot surface growth parameter ↵s set to 0.2 and
0.8. Distances are from the burner surface and measured soot volume
fraction profiles have been shifted 0.5 mm away from the burner.
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Figure 9.9.: Calculated and measured [113] soot volume fraction profiles for laminar
counter-flow di↵usion flames with propane as fuel and with varying
concentration of oxygen in the oxidant stream: 24% O2 (4 and —
) and 28% O2 (5 and - - - ). Calculations have been made using
soot inception through pyrene and through naphthalene. Distances
are from the burner surface and measured soot volume fraction profiles
have been shifted 0.5 mm away from the burner.
investigated.
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10. Modelling formation of
aromatic species in premixed
laminar benzene flame
10.1. Background and experimental system
Following the discussion in the previous chapter concerning uncertainties in
the chemistry of aromatic species acting as soot precursors, the premixed
benzene flame of Bittner and Howard [115] was of interest due to the mea-
sured concentration profiles of aromatic species as large as pyrene. Lindst-
edt and Skevis [116] have previously simulated this flame with over-all good
agreement. However, the focus of their study was on benzene decomposition
routes and aromatic species consisting of two rings or more were not con-
sidered. In a subsequent study, Lindstedt et al. [29] investigated formation
of naphthalene and indene in the current flame. In this work formation of
PAH species as large as pyrene will be studied.
The flame is a burner stabilised premixed flame at a pressure of 2.67 kPa
with a stoichiometric ratio of   = 1.8, which is just below the sooting limit.
The premixed stream of 13.5 vol% benzene, 56.5 vol% oxygen and 30 vol%
argon has under the current pressure (2.67 kPa) a velocity of 0.5 m/s based
on a temperature of 298 K. The flame was stabilised on the burner which
has a diameter of 71 mm. Flame gases were sampled using a gas probe
with an orifice diameter of 0.7 mm. No attachment to the flame was ob-
served and the maxima of species concentration profiles were reproducible,
although the actual shapes should be considered uncertain according to the
authors [115]. The experimental setup is shown in Fig. 10.1. Measurements
of species profiles were made using molecular beam mass spectrometry. Di-
rect calibration for major stable species was possible while the H and OH
radicals where calibrated using a stoichiometric benzene flame with 30 vol%
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Figure 10.1.: Schematic of the experimental setup of the premixed benzene flame
of Howard and Bittner [115] (where the figure is taken from).
argon as dilutant, for which hydrogen and oxygen were known to be in equi-
librium. The calibration for other radicals and minor stable species was es-
timated relative to major stable species using ionisation cross-sections. This
method was found to be accurate within a factor of two in a later study by
Castaldi et al. [117]. By studying the appearance of measured mass spectra
and measuring ionisation potentials, electron energies that prevented frag-
mentation could be estimated with species and ionised fragments formed in
the flame distinguished. During the experiments the electron energy was
usually set to between 0.5 and 1.5 eV above the ionisation potential of the
measured species. The largest compounds measured exceeded the sensitiv-
ity of the mass spectrometer, but semi-quantitative measurements could be
obtained by letting only ions heavier than a specified value be transmit-
ted. This operation was deemed to be reasonable in order to study trends.
Temperature measurements were made using a thermocouple that was elec-
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trically heated in order to reduce the impact of radiation losses. Due to
probe perturbations the authors recommend a decrease of the measured
temperatures with 100 K and to translate the profile 2 mm away from the
burner, suggestions which have been adopted in this work.
10.2. Physical model
The flame of Bittner and Howard [115] is assumed to be 1-dimensional
and that the axial velocity is low enough to make viscous e↵ects negligible,
replacing the momentum equation with the assumption that the pressure
is constant through-out the flame [118]. Since the measured temperature
profile is used for the calculations, as discussed above, there is no need to
solve the enthalpy equation and the equations left to solve are the continuity
equation together with species conservation equations shown in Eqs. (10.1)
and (10.2), respectively (c.f. Eqs. (2.33) and (2.40), respectively).
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The equations above will be transformed by first introducing a stream func-
tion ( ) defined by [118]:
@ 
@y
= ⇢ (10.3)
@ 
@t
=  ⇢v (10.4)
The coordinate transformation above eliminates the continuity equation,
i.e. a constant mass flux (m0) is used throughout the coordinate system given
by the stream function  in a domain  I     E , where  I and  E is the
value of the stream function at the inlet an the outlet of the domain. By
setting the value of  I and  E according to the initial condition, the physical
computational domain will change in size due to changes in density so that
the physical domain accommodates the same mass before and after a change
in density. The species conservation equations are further transformed by
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introducing the cross-stream function (!) [118]:
! =
    I
 E    I (10.5)
The cross-stream function is bounded by 0  !  1 according to the defini-
tion in Eq. (10.5). The resulting transformed species conservation equations
can be seen in Eq. (10.6).
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10.3. Review of the chemical reaction mechanism
During the study of the current flame, several improvements of the reaction
mechanism were evaluated, which will be discussed in this section. Due to
the low pressure conditions, rate constants were also updated to account
for the reduction in pressure. The previous and new reaction rate constant
parameters can be seen in Tab. 10.1. The structure of species discussed in
the text in this and the subsequent sections are shown in Figs. 10.2 to 10.9,
10.12, 10.14, 10.16, 10.18, 10.21, 10.22 and 10.24 to 10.27.
In their study of cyclopentadiene oxidation, Robinson and Lindstedt [33]
included barrierless OH attack on the propargyl radical, following Hansen
et al. [119],
C3H3 +OH  *) C2H3 +CHO (10.7)
C3H3 +OH  *) C2H4 +CO (10.8)
where C2H3 is the vinyl radical and CHO is the formyl radical. The poten-
tial energy surfaces of these two reactions are likely to involve one or more
transition states, making the zero activation energy assumption question-
able. The reaction in Eq. (10.7) was also found to give too high levels of the
vinyl radical in the current study. For the reasons above the two reactions
were omitted. However, the omission was partly compensated by increasing
the rate constants of the propargyl radical oxidation reactions in Eqs. (10.9)
and (10.10). The rate constant for the O attack reaction
C3H3 +O  *) C3H2O+H (10.9)
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C3H3 C3H2O C4H2
Propargyl radical Allene Propyne
C3H5(A) C3H2O C4H2
Allyl radical Propynal Diacetylene
C4H3(N) C4H3(I) C4H4
1-buten-3-yn-1-yl 1-buten-3-yn-2-yl Vinylacetylene
C4H5(T) C4H5(I) C4H6(T)
1,3-butadien-1-yl radical 1,3-butadien-2-yl radical 1,3-butadiene
Figure 10.2.: Species discussed in the text.
was increased to the value used by Leung and Lindstedt [120]. The reaction
involving OH radical attack on the propargyl radical
C3H3 +OH  *) C3H2O+H2 (10.10)
for which the rate constant is 4.0⇥109 kmol m 3 s 1 was considered too low
and increased by an order of magnitude by estimate which is comparable
to the rate constants of the omitted OH oxidation reactions above. In the
reactions in Eqs. (10.9) and (10.10) C3H2O denotes propynal. In order
to improve the agreement for diacetylene (C4H2) the rate constant of the
reaction
C4H3(I) + H  *) C4H2 +H2 (10.11)
was set equal to the rate constant of the analogue reaction
C2H3 +H  *) C2H2 +H2 (10.12)
according to the assumption of Wang and Frenklach [32]. In order to be con-
sistent with the study of Wang and Frenklach [32], the reaction in Eq. (10.13)
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was set to half the rate of the reaction above.
C4H3(N) + H  *) C4H2 +H2 (10.13)
For the reactions given in Eqs. (10.13) and (10.11) C4H3(N) is the 1-buten-
3-yn-1-yl radical and C4H3(I) is the 1-buten-3-yn-2-yl radical. The reaction
C2H2 +C2H3  *) C4H5(T) (10.14)
where C4H5(T) is the 1,3-butadien-1-yl radical, was given a rate constant
calculated by Wang and Frenklach [38] at the current flame pressure. The
rate constant of the hydrogen abstraction reaction
C4H5(I) + O2  *) C4H4 +HO2 (10.15)
where C4H5(I) is the 1,3-butadien-2-yl radical and C4H4 is vinylacetylene,
had zero activation energy and was changed to the rate constant of the
following analogous reaction:
C2H3 +O2  *) C2H2 +HO2 (10.16)
The rate of the cyclopentadienyl radical decomposition
C2H2 +C3H3  *) C5H5 (10.17)
in the cyclopentadiene oxidation study by Robinson and Lindstedt [33] was
taken from the theoretical work of Moskaleva and Lin [121] at 1 atm, but due
to the lower pressure in the current case the rate constant at 13.157 kPa was
therefore used. In the study of Robinson and Lindstedt [33] the following
bi-molecular reactions had reaction rate constants estimated from the high
pressure limit rate constant for O attack on the cyclopentadienyl radical
and in this study the corresponding rate constant at 1 atm was used:
C5H5 +O  *) C4H5(T) + CO (10.18)
C5H5 +OH  *) C5H4OH+H (10.19)
C5H5 +OH  *) C4H6(T) + CO (10.20)
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In the reactions above C5H4OH is the cyclopentadienolyl radical and C4H6(T)
is 1,3-butadiene. The reaction
C5H7 +O2  *) C5H6 +HO2 (10.21)
influenced the HO2 concentration at low temperatures in an unreasonable
fashion due to the zero activation energy of the rate constant, which was
changed to the rate constant of the reaction:
C3H5(A) + O2  *) C3H4(A) + HO2 (10.22)
In the reactions above, C5H7 is the cyclopentenyl radical, C3H5(A) is the
allyl radical and C3H4(A) is allene. In order to improve predictions of
triacetylene (C6H2) the rate constant of the reaction
C6H3 +H  *) C6H2 +H2 (10.23)
where C6H3 is the hexendi-1,5-ynyl radical, was set to the rate constant
of the reaction in Eq. (10.12) according to the assumption of Wang and
C5H5 C5H6 C5H7
Cyclopentadienyl radical Cyclopentadiene Cyclopentenyl radical
C5H4OH C6H2 C6H3
Cyclopentadienolyl radical Triacetylene Hexendi-1,5-ynyl radical
C6H4(L) C6H4 C6H5
3-hexendi-1,5-yne Benzyne Phenyl radical
Figure 10.3.: Species discussed in the text.
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Frenklach [32]. The ring breakage reaction
C6H4  *) C6H4(L) (10.24)
where C6H4 is benzyne and C6H4(L) is 3-hexendi-1,5-yne, has a reaction
rate constant estimated by Leung and Lindstedt [120]. The estimated acti-
vation energy was increased by a factor of two in order to improve the result
of triacetylene. For the same reason the rate constant of the reaction
C6H4(L) + H  *) C6H3 +H2 (10.25)
was changed to the rate used by Wang and Frenklach [32], thereby includ-
ing a non-zero temperature dependancy and activation energy. The rate
constant for the reaction
C6H7 +H  *) C6H8 (10.26)
where C6H7 is the cyclohexadienyl radical and C6H8 is cyclohexadiene, was
chosen from Wang and Frenklach [32] for the current pressure. Recombi-
nation between the phenoxy radical (C6H5O) and atomic hydrogen is an
important step for phenol (C6H5OH) production.
C6H5O+H  *) C6H5OH (10.27)
The high pressure limit rate constant from the study of Davis et al. [122] was
previously used for the reaction above while in this study the low pressure
limit rate constant and fall-o↵ relationship from the same study is also used.
The rate constant of the recombination reaction between the phenyl and
C6H7 C6H8 C6H5OH C7H8
Hexadienyl radical Hexadiene Phenol Toluene
Figure 10.4.: Species discussed in the text.
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methyl radicals which is a main toluene formation step
C7H8  *) C6H5 +CH3 (10.28)
is taken from the experimental study of Oehlschlaeger et al. [123] at a pres-
sure of 1.5 bar. Zhang et al. [124] used the rate constant of Oehlschlaeger
et al [123] together with the fall o↵ relationship theoretically calculated by
Klippenstein et al. [125] in order to estimate the rate constant at 2.67 kPa
and this rate constant was used for the current conditions. The indenyl,
phenalenyl, benzo[e]indenyl and the cyclopenta[def]phenanthrenyl radicals
are similar to the cyclopentadienyl radical with respect to the stabilisation
by delocalisation of the unpaired electron across rings. Therefore the reac-
tions involving recombination with the H-atom and hydrogen abstraction
by the H-atom were given the same rate constants as analogous reactions
involving the cyclopentadienyl radical from the work of Robinson and Lind-
stedt [33]. Rate constants for reactions involving O attack on the indenyl
radical where changed to the rate constants of analogous reactions involv-
ing the cyclopentadienyl radical. For the H-atom recombination and O
attack reactions the analogous rate constant at 1 atm was used. Below in
Eqs. (10.29) to (10.41) the concerned reactions are shown. The previously
used reaction rate constants were for the reverse direction of the reactions
shown in Eqs. (10.29), (10.31) ,(10.33), (10.34) and (10.37).
C9H8  *) C9H7 +H (10.29)
C8H7(P) C9H7 C9H8
Para-vinyl-phenyl radical Indenyl radical Indene
C8H7(P) C9H7 C9H8
indenone Methylenindene Indenoxy radical
Figure 10.5.: Species discussed in the text.
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c-A2C3H3 A2R6(R) c-A2C3H4(A)
Benzo[e]indenyl Phenalenyl Cyclopenta[3,2-a]-
radical radical naphthalene
c-A2C3H4(B) A2R6 c-A2C3H2CH2
Cyclopenta[2,3-a]- Phenalene fulvene[a]-
naphthalene Phenalene naphthalene
A3R5(R) A3R5 A3R5CH2
Cyclopenta[def]- Cyclopenta[def]- fulvene[def]-
phenanthrenyl radical phenanthrene phenanthrene
Figure 10.6.: Species discussed in the text.
C9H8 +H  *) C9H7 +H2 (10.30)
A2R6  *) A2R6(R) + H (10.31)
A2R6 + H  *) A2R6(R) + H2 (10.32)
c-A2C3H4(A)  *) c-A2C3H3 +H (10.33)
c-A2C3H4(B)  *) c-A2C3H3 +H (10.34)
c-A2C3H4(A) + H  *) c-A2C3H3 +H2 (10.35)
c-A2C3H4(B) + H  *) c-A2C3H3 +H2 (10.36)
A3R5  *) A3R5(R) + H (10.37)
A3R5 + H  *) A3R5(R) + H2 (10.38)
C9H7 +O  *) C8H7(P) + CO (10.39)
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C9H7 +O  *) C9H6O+H (10.40)
C9H7 +O  *) C9H7O (10.41)
In the reactions above A2R6 is phenalene, A2R6(R) is the phenalenyl radi-
cal, c-A2C3H4(A) is cyclopenta[3,2-a]naphthalene, c-A2C3H4(B) is
cyclopenta[2,3-a]naphthalene, c-A2C3H3 is benzo[e]indenyl, A3R5 is
cyclopenta[def]phenanthrene, A3R5(R) is the cyclopenta[def]phenanthrenyl
radical. C8H7(P) is the para-vinyl-phenyl radical, C9H6O is indenone and
C9H7O is the indenoxy radical. The addition of singlet and triplet state
carbene (CH2(S) and CH2(T), respectively) to the indenyl radical forming
methylene-indene (C9H6CH2)
C9H7 +CH2(T)  *) C9H6CH2 +H (10.42)
C9H7 +CH2(S)  *) C9H6CH2 +H (10.43)
together with the methyl radical recombination path addition illustrated in
Fig. 3.15 was found by Lindstedt et al. [29] to contribute only 5% to the
total naphthalene formation rate while the majority (50%) of the naphtha-
lene was formed by cyclopentadienyl radical recombination in the current
flame. Due to the uncertainty of the reaction rate constants of the reactions
in Eqs. (10.42) and (10.43) and their apparent low contribution to naphtha-
lene formation they were not included in subsequent soot formation stud-
ies [22,27,28,34,112]. With the updated cyclopentadiene chemistry [33] the
cyclopentadienyl radical recombination route to naphthalene is not signifi-
cant while the reactions in Eqs. (10.42) and (10.43) contribute significantly
to naphthalene formation, as is discussed below, and rate constants esti-
mated by Lindstedt et al. [29] were used. Aromatic growth steps by triplet
state carbene similar to the one in Eq. (10.42) have been updated according
to the estimation of Lindstedt et al. [29]:
c-A2C3H3 +CH2(T)  *) c-A2C3H2CH2 +H (10.44)
A3R5(R) + CH2(T)  *) A3R5CH2 +H (10.45)
In Eq. (10.42) c-A2C3H2CH2 is fulvene[a]naphthalene and in Eq. (10.43)
c-A3R5CH2 is fulvene[def]phenanthrene. The rate constants of hydrogen
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abstraction reactions from benzene by the propargyl radical
C6H6 +C3H3  *) C6H5 +C3H4(P) (10.46)
C6H6 +C3H3  *) C6H5 +C3H4(A) (10.47)
a↵ected the concentration of C3H4-isomers due to the zero activation ener-
gies. In this study the rate constants for the two reactions above where
assumed to be equal to those of the analogous reactions involving 1,3-
butadiene:
C4H6(T) + C3H3  *) C4H5(T) + C3H4(P) (10.48)
C4H6(T) + C3H3  *) C4H5(T) + C3H4(A) (10.49)
The reason why Eqs. (10.46) and (10.48) and Eqs. (10.47) and (10.49)
are assumed to be analogous is that 1,3-butadiene includes ⇡-bond con-
jugation similar to benzene, although 1,3-butadiene does not have a ring
structure making it aromatic. In the reaction in Eq. (10.47) above C3H4(P)
is propyne. While working with the current reaction mechanism, a unit
error for the pre-exponential factor was found for the reaction involving re-
combination of the ortho-phenyl-phenyl radical (C12H9) with the H-atom
forming biphenyl:
C12H10  *) C12H9 +H (10.50)
This error has no significant a↵ect on the soot calculations in Chapter 7
and 9 and therefore assumed to not a↵ect the soot calculations in Chapter 8
dramatically either, except that the response of the soot PSD to benzene
injection may decrease. However, in the current flame this error was found
to have an impact on the concentration of PAHs and has therefore been cor-
rected. Addition of the propargyl radical to benzene forming propadienyl-
benzene (C9H8(S)) and propyn-3-yl-benzene (C9H8(T)) was included in the
mechanism:
C6H6 +C3H3  *) C9H8(S) + H (10.51)
C6H6 +C3H3  *) C9H8(T) + H (10.52)
Rate constants for these two reactions where estimated as the same as for
propargyl radical addition in the C3-growth mechanism. It was found that
53% of the formation of indene takes place through the addition of triplet
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state carbene to phenylacetylene (C8H6):
C8H6 +CH2(T)  *) C9H8 (10.53)
Due to this result, analogous reactions were introduced involving triplet
state carbene addition to 1-ethynyl-naphthalene (A2C2H(A)) and
2-ethynyl-naphthalene (A2C2H(B)):
A2C2H(A) + CH2(T)  *) A2R6 (10.54)
A2C2H(A) + CH2(T)  *) c-A2C3H4(A) (10.55)
A2C2H(B) + CH2(T)  *) c-A2C3H4(B) (10.56)
In order to reduce the concentration of ortho-diethynyl-benzene (C10H6),
which was over-predicted for the current flame, oxidation steps were intro-
duced:
C10H6 +O  *) C8H5 +C2HO (10.57)
C10H6 +OH  *) C2H2O+C8H5 (10.58)
In the reactions shown in Eqs. (10.57) and (10.58) C8H5 is the ortho-ethynyl-
phenyl radical, C2H2O is ketene and C2HO is the ketenyl radical. The two
oxidation steps above are analogous with the ones phenylacetylene under-
goes:
C8H6 +O  *) C6H5 +C2HO (10.59)
C8H6 +OH  *) C2H2O+C6H5 (10.60)
The rate constants for the ortho-diethynyl-benzene oxidation steps above
C9H8(S) C9H8(T) C12H9 C12H10
Propadienyl- Propyn-3-yl- Ortho-phenyl-phenyl Biphenyl
benzene benzene radical
Figure 10.7.: Species discussed in the text.
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C8H6 A2C2H(A) A2C2H(A)
Phenylacetylene 1-ethynyl-naphthalene 2-ethynyl-naphthalene
Figure 10.8.: Species discussed in the text.
were therefore assumed to be equal to the respective corresponding oxidation
step of phenylacetylene. The concentration of C4H5 isomers were first found
to be under-predicted. Among these isomers 1,3-butadien-2-yl is the most
abundant one and two new possible formation steps of this radical, involving
recombination of the propargyl radical with singlet and triplet state carbene,
are suggested below:
C3H3 +CH2(T)  *) C4H5(I) (10.61)
C3H3 +CH2(S)  *) C4H5(I) (10.62)
The reason why the two steps above are suggested is that the two similar
reactions
C3H3 +CH2(T)  *) C4H4 +H (10.63)
C3H3 +CH2(S)  *) C4H4 +H (10.64)
are the main contributors to vinylacetylene formation and that a reaction
channel where the hydrogen atom do not dissociate might be possible.
C2HO C2H2O C8H5 C10H6
Ketenyl radical Ketene Ortho-ethynyl-phenyl Orth-diethynyl-
radical benzene
Figure 10.9.: Species discussed in the text.
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10.4. Result and discussion – Consumption of
benzene
In this section, the oxidation of benzene and the resulting break-down into
smaller intermediates and products, some which are important for PAH and
soot formation, will be analysed. In a later part the simultaneous molecular
growth into various aromatic species important to soot inception will be
discussed. The analysis will include percentages of the contribution of re-
actions to the total (over the domain) integrated formation or consumption
rates of species and where no percentage is given it means that the reaction
is the only significant formation or consumption step for that particular
species. The structure of the species discussed can be seen in Figs. 10.2 to
10.9, 10.12, 10.14, 10.16, 10.18, 10.21, 10.22 and 10.24 to 10.27.
The calculated and measured profiles of major species can be seen in
Fig. 10.10. The over-all agreement is good for benzene, oxygen, carbon
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Figure 10.10.: Calculated (—) and measured ( ) major species profiles of a pre-
mixed (  = 1.8) benzene/oxygen flame [115].
164
0.005 0.010 0.015 0.020
0.0
1.0×10-4
2.0×10-4
3.0×10-4
4.0×10-4
1.0×10-3
2.0×10-3
3.0×10-3
4.0×10-3
M
ole
 Fr
ac
tio
n [
-]
2.0×10-4
4.0×10-4
6.0×10-4
8.0×10-4
0.000 0.005 0.010 0.015 0.020
                                                    Axial Distance [m]
1.0×10-10
1.0×10-9
1.0×10-8
1.0×10-7
1.0×10-6
1.0×10-5
5.0×10-4
1.0×10-3
1.5×10-3
2.0×10-3
2.5×10-3
3.0×10-3
1.0×10-4
2.0×10-4
3.0×10-4
C6H4
C6H5OH
C6H5
C6H2
C6H5OOH C6H8
Figure 10.11.: Calculated (—) and measured ( ) species profiles of primary C6
conversion intermediates of benzene in a premixed (  = 1.8) ben-
zene/oxygen flame [115]. Concentration profiles of benzyne (C6H4)
and methyl-cyclopentadiene (C5H5-CH3) are shown due to their
abundance over other isomers. Observe the logarithmic ordinate
scale for C6H5OOH.
dioxide and carbon monoxide. However, hydrogen is over-predicted in the
reaction zone and water is under-predicted where the flame reaches maxi-
mum temperatures.
The measured profiles of C6-intermediates of benzene conversion can be
seen in Fig. 10.11. The hydrogen abstraction reactions by H and OH
C6H6 +H  *) C6H5 +H2 (10.65)
C6H6 +OH  *) C6H5 +H2O (10.66)
contribute to benzene consumption by 44% and 26%, respectively. The
resulting phenyl radical is over-predicted compared to measurements. How-
ever, this should be put in the context of the possible uncertainty of mea-
suring the concentrations of radicals. Both benzene (19%) and the phenyl
165
C5H5-CH3 C6H5OOH
Methyl-cyclopentadiene Phenylperoxide
Figure 10.12.: Species discussed in the text.
radical (36%) form the phenoxy radical by O and O2 attack:
C6H6 +O  *) C6H5O+H (10.67)
C6H5 +O2  *) C6H5O+O (10.68)
The phenoxy radical decomposes (90%) to the cyclopentadienyl radical and
carbon-monoxide:
C6H5O  *) C5H5 +CO (10.69)
A small proportion (10%) of the phenoxy radical also forms phenol through
the reaction in Eq. (10.27), which subsequently decomposes (64%) to cy-
clopentadiene.
C6H5OH  *) C5H6 +CO (10.70)
The phenol concentration is over-predicted in this study and may be linked
to the over-prediction of the phenyl radical. The phenyl radical also under-
goes a subsequent hydrogen abstraction step (22%) to form benzyne (C6H4),
which subsequently is hydrogenated back to the phenyl radical (62%):
C6H5 +H  *) C6H4 +H2 (10.71)
C6H4 +H  *) C6H5 (10.72)
A significant amount of the benzyne population (38%) isomerises to 3-
hexendi-1,5-yn as shown in the reaction in Eq. (10.24), which undergoes two
subsequent hydrogen abstraction steps (Eqs. (10.25) and (10.23)) to form
triacetylene. The levels of benzyne, which is the most abundant C6H4-
isomer, is somewhat over-predicted in this study. However, the level of
triacetylene is over-predicted yet reasonable due to the increase of the acti-
vation energy of the reaction in Eq. (10.24) and the change of rate constants
166
of the reactions in Eqs. (10.23) and (10.25), which is the main (82%) for-
mation path of triacetylene. The main consumption path is hydrogen atom
induced decomposition into diacetylene and the ethynyl radical (88%):
C4H2 +C2H  *) C6H2 +H (10.73)
The most abundant C6H8-isomer is methyl-cyclopentadiene (C5H5-CH3),
which is under-predicted by a factor of two. It is formed by the recombina-
tion between the cyclopentadienyl radical and the methyl radical:
C5H5-CH3  *) C5H5 +CH3 (10.74)
The methyl radical also induce the conversion of methyl-cyclopentadiene to
benzene:
C5H5-CH3 +CH3  *) C6H6 +CH4 +H (10.75)
The reactions above were suggested by Ikeda et al. [128], where the first one
is derived from RRKM theory and the second one is an estimate. It can
be questioned wether the conversion of methyl-cyclopentadiene to benzene
proceeds in one step and not through the methyl-cyclopentadienyl radical
and fulvene as intermediates and the uncertainty regarding this step may be
the cause of the under-prediction. Bittner and Howard [115] detected one or
more C6H6O2 isomers, but the concentration of the only isomer included in
the current mechanism, phenylperoxide (C6H5OOH), and the correspond-
ing phenylperoxy radical, which is more abundant than the former, do not
reach the measured levels. The phenylperoxy radical oxidation pathway of
benzene is thought to be competitive compared to the phenoxy radical route
only at low temperatures [129] and the disagreement may therefore possibly
be due to probe e↵ects. There is also a possibility that the measurements
concern isomers not currently included in the mechanism, e.g. benzendiols.
Isomerisation of benzene to fulvene makes up 3% of the total conversion, but
no concentration measurements of fulvene and subsequently formed linear
isomers are available for the current flame for comparison.
Cyclopentadiene and the corresponding aromatic cyclopentadienyl radical
are major intermediates of benzene oxidation and in Fig. 10.13 profiles of C5-
as well as C7-intermediate species are shown. The agreement between cal-
culations and measurements for cyclopentadiene and the cyclopentadienyl
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Figure 10.13.: Calculated (—) and measured ( ) profiles of C5- and C7-
intermediate species in a premixed (  = 1.8) benzene/oxygen
flame [115].
radical are reasonable. However, both cyclopentadiene and the cyclopenta-
dienyl radical are formed earlier in the flame than measurements suggest.
Since the consumption of benzene is well predicted and that the two species
are formed as a direct result of benzene oxidation (see Eq. (10.69) and
(10.70)), experimental (positional) uncertainties can not be ruled out. The
major reaction that consumes cyclopentadiene is hydrogen abstraction to
the corresponding radical (65%), but recombination of the cyclopentadienyl
radical with hydrogen atoms back to cyclopentadiene is also an important
production step (45%):
C5H6 +H  *) C5H5 +H2 (10.76)
C5H6  *) C5H5 +H (10.77)
Cyclopentadiene also reacts with the hydrogen atom to decompose to the
allyl radical and acetylene (21%):
C5H6 +H  *) C3H5(A) + C2H2 (10.78)
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C5H3(L) C5H4(L) C7H6 C7H7
1,4-pentadiyn-3-yl 1,4-pentadiyne Ethynyl- Benzyl
radical cyclopentadiene radical
Figure 10.14.: Species discussed in the text.
Hydrogenation of cyclopentadiene forming the cyclopentenynyl radical,
C5H7  *) C5H6 +H (10.79)
is significant in the beginning of the flame, but changes direction above
950 K, which leads to no significant global consumption. The major con-
sumption path of the cyclopentadienyl radical is decomposition to the propar-
gyl radical and acetylene (83%) as shown in Eq. (10.17). The 1,4-pentadiyn-
3-yl radical (C5H3(L)) is mainly (66%) formed by a reaction between di-
acetylene and triplet state carbene
C4H2 +CH2(T)  *) C5H3(L) + H (10.80)
and is therefore not directly involved in the consumption of benzene. The
1,4-pentadiyn-3-yl radical concentration is over-predicted in this study, but
there may be uncertainties involved when measuring radicals, as stressed
before, and the rate of the reaction above was based on an estimate by
Lindstedt and Skevis [36] and improvements are therefore possible. The
most significant consumptions steps of the 1,4-pentadiyn-3-yl radical are
hydrogen abstraction forming pentatetraene (C5H2) (43%) and oxidation
by O into the 1-buten-3-yn-2-yl radical and carbon monoxide:
C5H3(L) + H  *) C5H2 +H2 (10.81)
C5H3(L) + O  *) C4H3(I) + CO (10.82)
Toluene is formed by the recombination reaction of the phenyl radical with
the methyl radical (66%) seen in Eq. (10.28). The over-prediction of the
toluene concentration may be due to the apparent over-prediction of the
phenyl radical and the methyl radical (se Fig. 10.17 below). The main
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consumption path of toluene in the current flame is hydrogen abstraction
to form the benzyl radical (C7H7), as can be seen in Eq. (10.83) (64%).
C7H8 +H  *) C7H7 +H2 (10.83)
However, recombination of the benzyl radical with hydrogen constitutes a
significant re-production step of toluene (32%). Besides recombination back
to toluene (30%), the benzyl radical isomerises (59%) to the
1-cyclopentadienyl-allyl radical (C7H7(L)). The level of the benzyl radi-
cal is somewhat over-predicted in this study, possibly partly due to the
over-prediction of toluene. The 1-cyclopentadienyl-allyl radical decomposes
to 5-ethynyl-cyclopentadiene (C7H6):
C7H7(L)  *) C7H6 +H (10.84)
5-ethynyl-cyclopentadiene in turn decomposes to acetylene and 3,4-pentadienyn
(C5H4(L)):
C7H6  *) C2H2 +C5H4(L) (10.85)
The levels of C7H6 is under-predicted in this study. Moreover, the profile
shows a peak before the reaction zone, which is due to the decomposition
reaction above going in the reverse direction. It can therefore be questioned
if not an intermediate step in the decomposition is actually present, which
prohibits the described behaviour before the reaction zone.
In Fig. 10.15 measured and calculated profiles of C4-species can be seen.
Vinylacetylene (C4H4) is in the current calculations mainly formed by the
reaction between the propargyl radical and triplet state carbene (46%) in
Eq. (10.63). The concentration of the propargyl radical is over-predicted in
the presented study, as can be seen in Fig. 10.17 below, but the concentra-
tion level of vinylacetylene is in good agreement with experiments. Con-
sumption of vinyl acetylene is occurring mainly through H-addition leading
to decomposition to acetylene and the vinyl radical (48%) and hydrogen
abstraction to form the 1-buten-3-yn-1-yl radical (31%):
C2H3 +C2H2  *) C4H4 +H (10.86)
C4H4 +H  *) C4H3(N) + H2 (10.87)
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Figure 10.15.: Calculated (—) and measured ( ) profiles of C4-intermediate
species and argon in a premixed (  = 1.8) benzene/oxygen
flame [115]. For reasons of abundance, concentration profiles are
shown are 1-buten-3-yn-2-yl radical, the 1,3-butadien-2-yl radical
and 1,3-butadiene for each isomer.
The total concentration of the two C4H3 radicals considered in the current
mechanism is somewhat over-predicted, but experimental uncertainties can
not be eliminated. The resonance stabilised 1-buten-3-yn-2-yl radical is
two orders of magnitude higher in concentration than the 1-buten-3-yn-
1-yl radical. A major formation path for both radicals is the hydrogen
abtraction of vinylacetylene shown in Eq. (10.87) leading to the 1-buten-
3-yn-1-yl radical (63% with respect to formation of the 1-buten-3-yn-1-
yl radical) which subsequently isomerise to the 1-buten-3-yn-2-yl radical
(99% with respect to consumption of the 1-buten-3-yn-1-yl radical and 28%
with respect to formation of the 1-buten-3-yn-2-yl radical). Another ma-
jor formation step of the 1-buten-3-yn-1-yl radical is the decomposition of
the 1,3-hexadien-5-yn-1-yl radical (C6H5(B)) (53%):
C6H5(B)  *) C4H3(I) + C2H2 (10.88)
The 1,3-hexadien-5-yn-1-yl radical is formed entirely from isomerisation of
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C4H2O C6H5(B)
Butatrienone 1,3-hexadien-5-yn-1-yl radical
Figure 10.16.: Species discussed in the text.
the phenyl radical, which is an important consumption path of the latter
(17%), and consumed almost entirely by the reaction above. The reactions
contributing most to formation of diacetylene (C4H2) are hydrogen abstrac-
tion from the 1-buten-3-yn-2-yl radical (32%) as shown in Eq. (10.11) and
hydrogen atom addition induced decomposition of triacetylene (20%) as
shown in Eq. (10.73). The dominating consumption steps of diacetylene are
attack by OH (40%) and hydrogen atom addition induced decomposition to
acetylene and the ethynyl radical (36%):
C4H2 +OH  *) C4H2O+H (10.89)
C2H2 +C2H  *) C4H2 +H (10.90)
The calculated diacetylene profile is in good agreement with measurements
for the current flame. The reaction between the propargyl radical and triplet
state carbene in Eq. (10.61) forms the resonance stabilised 1,3-butadien-2-yl
radical (77%), which is the most abundant C4H5 isomer. The well predicted
of the level of C4H5 radicals seen in Fig. 10.15 is thus despite the too high
concentration of the propargyl radical seen in Fig 10.17 below. Through H-
atom recombination, 1,3-butadien-2-yl forms 1,3-butadiene (32%), hydrogen
abstraction leads to vinylacetylene (22%) and isomerisation forms the 1,3-
butadien-1-yl radical (31%):
C4H6(T)  *) C4H5(I) + H (10.91)
C4H5(I) + H  *) C4H4 +H2 (10.92)
C4H5(I)  *) C4H5(T) (10.93)
Among the C4H6 isomers, 1,3-butadiene has mole fraction levels at least an
order of magnitude higher than the other isomer owing to the conjugated
⇡-bonds. The main formation path is through the reaction in Eq. (10.91)
above (56%). The consumption of 1,3-butadiene is mainly through hydro-
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gen abstraction leading to C4H5(I) (18%) and C4H5(T) (12%) as well as
H-addtion induced decomposition to acetylene and the vinyl radical (14%):
C4H6(T) + H  *) C4H5(I) + H2 (10.94)
C4H6(T) + OH  *) C4H5(T) + H2O (10.95)
C4H6(T) + H  *) C2H3 +C2H4 (10.96)
The over-prediction of 1,3-butadiene may be due to uncertainties in the rate
of the consumption channels above or that another consumption channel
is significant, due to the good agreement for the 1,3-butadien-2-yl radical
which dominates the formation step. The argon mole fraction profile in
Fig. 10.15 shows that the during fuel conversion, the chemical amount per
mass of mixture increases, due to the decrease of the level of the inert
dilutant.
The major radical species are shown in Fig. 10.17 and good agreement
has been obtained for H, OH and OH2. As discussed above, the propargyl
radical is well over-predicted to a point where experimental uncertainties
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Figure 10.17.: Calculated (—) and measured ( ) profiles of small radical species
in a premixed (  = 1.8) benzene/oxygen flame [115].
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can be ruled out. The main formation path of the propargyl radical is
decomposition of the cyclopentadienyl radical (61%) seen in Eq. (10.17)
above. The rate constant for this reaction is taken from the theoretical
study of Moskaleva and Lin [121] where the potential energy surface was
characterised using B3LYP level of theory and ROHF-CCSD(T) was used
for single-point energies and the Jahn-Teller distortion of cyclopentadienyl
was neglected. The decomposition of cyclopentadiene was found to proceed
through two channels after ring breakage and included several intermedi-
ate energy minima. Assuming degeneracy of the two decomposition chan-
nels and including isomerisation products, multichannel RRKM calculations
where used to determine rate constants at di↵erent pressures. The rate con-
stant for decomposition at moderate pressures (13 to 1000 kPa) exhibits a
pressure dependency at high temperatures > 1500 K, where the rate con-
stant decreases with decreasing pressure. Since the 13 kPa rate constant is
used in the current 2.67 kPa flame it is possible that the rate constant is
currently too high. However, the consequence of a slower rate would lead to
an even higher cyclopentadienyl radical concentration (c.f. Fig. 10.13). The
issue has been discussed extensively by Robinson and Lindstedt [33] and
it is possible that unknown additional consumption paths of cyclopentadi-
ene associated with molecular growth sequences are present. The propargyl
radical is consumed by attack by O (36%) and OH (29%) to form propy-
nal, which is shown in the reactions in Eqs. (10.9) and (10.10). Another
significant consumption path (15%) is the hydrogen abstraction leading to
propynylidene (C3H2(L)):
C3H3 +H  *) C3H2(L) + H2 (10.97)
The vinyl radical is slightly over-predicted, but still has a reasonable level
considering possible experimental uncertainties. It is formed mainly by the
C3H2 C3H2(L)
Cyclopropyne Propynylidene
Figure 10.18.: Two C3H2-isomers discussed in the text.
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decomposition of vinylacetylene (38%) seen in Eq. (10.86) above and mainly
consumed by hydrogen dissociation to acetylene (61%) shown in Eq. (3.10)
above. The methyl radical is also over-predicted while the shape of the
calculated and measured profiles are in agreement. This radical is mostly
(44%) formed by decomposition of ketene:
C2H2O+H  *) CH3 +CO (10.98)
Ketene itself is formed by OH attack on acetylene (47%) and a reaction
between the ethynyl radical and water (44%):
C2H2 +OH  *) C2H2O+H (10.99)
C2H+H2O  *) C2H2O+H (10.100)
The methyl radical is consumed by O attack (37%) forming formaldehyde
(CH2O) and OH attack (24%) forming the hydroxymethyl radical (CH2OH):
CH3 +O  *) CH2O+H (10.101)
CH3 +OH  *) CH2OH+H (10.102)
which through hydrogen abstraction by oxygen forms formaldhyde:
CH2OH+O2  *) CH2O+HO2 (10.103)
In Fig. 10.19 calculated and measured mole fraction profiles for C1-, C2-
and C3-species can be seen. Propyne is the most abundant C3H4 isomer,
while allene has a concentration level a factor 2 below the former compound
and cyclopentene (C3H4(B)) is three orders of magnitude lower than the
non-cyclic isomers. Propyne and allene is formed by isomerisation (80%
and 50%, respectively) of cyclopentene which in turn is formed by singlet
carbene addition to acetylene (72%):
CH2(S) + C2H2  *) C3H4(B) (10.104)
Both propyne and allene undergo H-addition induced decomposition to
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acetylene and the methyl radical (56% and 68%, respectively)
C3H4(P) + H  *) C2H2 +CH3 (10.105)
C3H4(A) + H  *) C2H2 +CH3 (10.106)
The total concentration of C3H4 isomers are well predicted in this study.
The current mechanism includes the isomers propynylidene and cyclopropy-
nylidene (C3H2), where the latter has a concentration two orders of mag-
nitude higher than the former. Propynylidene is formed by the hydrogen
abstraction from the propargyl radical shown in Eq. (10.97) and isomerises
to cyclopropynylidene. This isomerisation reaction contributes to 42% of
formed cyclopropynylidene, while the rest is formed by addition of carbyne
(CH) to acetylene:
CH + C2H2  *) C3H2 +H (10.107)
Cyclopropynylidene in turn reacts with water to form propynal
C3H2 +H2O  *) C3H2O+H2 (10.108)
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Figure 10.19.: Calculated (—) and measured ( ) profiles of C1-, C2- and C3-species
in a premixed (  = 1.8) benzene/oxygen flame [115].
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which contributes with 56% to the total cyclopropynylidene consumption.
The rate of the reaction above was estimated by Lindstedt and Skevis [36]
from the rate of the reaction between carbyne and water,
CH + H2O  *) Products (10.109)
where the rate has been reviewed by Baulch et al [130]. Hence, there is
an uncertainty regarding the extent in which the reaction between cyclo-
propynylidene and water contributes to the consumption of the former.
The agreement between calculated and measured C3H2 mole fraction pro-
files is reasonable considering the uncertianty regarding the consumptions
step. The agreement between measurements and calculations for acetylene
is good. Production of acetylene proceed through the decomposition of
propynal (36%)
C3H2O  *) C2H2 +CO (10.110)
and decomposition of the cyclopentadienyl radical shown in Eq. (10.17)
above (22%). Acetylene is mainly consumed by the O attack via reactions
Eq. (10.111) and (10.112), which contribute 26% and 40%, respectively.
C2H2 +O  *) CO+ CH2(T) (10.111)
C2H2 +O  *) C2HO+H (10.112)
The calculated ethylene concentration is currently over-predicted, which
may be due to that the main formation path is the reaction between triplet
state carbene and the methyl radical (59%) seen in Eq. (10.113), where the
methyl radical concentration is possibly too high as discussed previously.
Furthermore, the rate constant of the reaction below (k10.113 = 4.0 ⇥ 1010
[m3kmol 1s 1]) is associated with an uncertainty factor between 2 and 3 (in-
creasing with temperature) [130], which implies a possible over-estimation.
CH2(T) + CH3  *) C2H4 +H (10.113)
The majority of the ethylene population undergoes hydrogen abstraction to
form the vinyl radical (52%)
C2H4 +H  *) C2H3 +H2 (10.114)
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and this reaction contributes to 25% of the vinyl radical formation while
reformation of ethylene by recombination is insignificant. Methane is formed
mainly from the hydrogen abstraction of the formyl radical by the methyl
radical (45%):
CHO+ CH3  *) CO+ CH4 (10.115)
The rate constant of the reaction above (k10.115 = 1.2⇥1011 [m3kmol 1s 1])
is associated with an uncertainty factor of 2 [131] and the extent it con-
tributes to formation of methane is therefore possibly over-estimated. Re-
combination between the methyl radical and the hydrogen atom contributes
to 18% of methane formation, but is o↵-set by the hydrogen abstraction from
methane forming the methyl radical (93% of the methane consumption):
CH3 +H  *) CH4 (10.116)
CH4 +H  *) CH3 +H2 (10.117)
CH4 +O  *) CH3 +H2 (10.118)
CH4 +OH  *) CH3 +H2 (10.119)
This balance between recombination and abstraction together with the pos-
sible over-estimation of the rate of the reaction in Eq. (10.115) explain the
over-prediction of methane in the post-flame zone due to the over-prediction
of the methyl radical in the same region. The hydrogen abstraction of ben-
zene by the methyl radical also contributes significantly to the production
of methane (25%), but has an insignificant impact on the formation of the
phenyl radical:
C6H6 +CH3  *) C6H5 +CH4 (10.120)
Formaldehyde is formed from the O attack on the methyl radical (42%) seen
in Eq. (10.101), but also by hydrogen abstraction from the hydroxymethyl
radical by oxygen (34%):
CH2OH+O2  *) CH2O+HO2 (10.121)
This direct and indirect (the hydroxymethyl radical is mainly formed and
consumed by the reactions in Eqs. (10.102) and (10.121), respectively) de-
pendence of the formation of formaldehyde on the methyl radical concen-
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tration may be the reason that calculated formaldehyde concentrations are
higher than measurements. Formaldehyde is mainly consumed by hydrogen
abstraction by H (64%) and OH (30%) to form the formyl radical:
CH2O+H  *) CHO+H2 (10.122)
CH2O+OH  *) CHO+H2O (10.123)
The majority of the formyl radical population undergo third-body collision
induced decomposition to carbon monoxide (69%):
CHO+M  *) CO+H+M (10.124)
10.5. Result and discussion – Molecular growth
To this point, this chapter has included an analysis regarding the oxidation
of benzene leading to smaller intermediates and products. The analysis of
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Figure 10.20.: Calculated (—) and measured ( ) profiles of C7H8O isomers, C8-
species, indene and the indenyl radical and naphthalene in a pre-
mixed (  = 1.8) benzene/oxygen flame [115]. Due to fragmenta-
tion [132] the measured concentration profile for C9H8 is interpreted
to also include the indenyl radical.
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HOC7H7 C7H8O(A) C8H7 C8H8
Para-methyl-phenol Anisole Phenylvinyl Styrene
radical
Figure 10.21.: Species discussed in the text.
the molecular growth into PAHs will now be analysed. In Fig. 10.20 cal-
culated and measured mole fraction profiles of C7H8O isomers, several C8-
species, indene and the indenyl radical and naphthalene are shown. Among
the C7H8O-isomers, para-methyl-phenol (HOC7H7) is formed first in the
reaction zone and later consumed at the same time as the ether anisole
(C7H8O(A)) is formed. Anisole is formed by oxygen attack on the aliphatic
C-C bond of toluene:
C7H8 +O  *) C7H8O(A) (10.125)
The dominating consumption reaction of anisole is decomposition to the
phenoxy radical and the methyl radical (79%):
C7H8O(A)  *) C6H5O+CH3 (10.126)
Formation of para-methyl-phenol proceeds through OH attack on the methyl
group on toluene:
C7H8 +OH  *) HOC7H7 +H (10.127)
The aromatic alcohol is consumed by hydrogen abstraction (57%) to form
the phenylmetoxy radical (C7H7O):
HOC7H7 +H  *) C7H7O+H2 (10.128)
The maximum concentration of C7H8O isomers agrees reasonably well with
measurements, but the shape of the calculated profile is di↵erent from the
measured one making the calculated sequence of isomer formation uncertain.
Tetraacetylene (C8H2) is formed through ethynyl attack on triacetylene:
C6H2 +C2H  *) C8H2 +H (10.129)
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The main consumption path is through H-addtion induced decomposition
(65%) to diacetylene and the butadiynyl radical (C4H):
C8H2 +H  *) C4H2 +C4H (10.130)
The concentration of tetraacetylene is over-predicted, possibly partly as a
result of the over-prediction of the triacetylene concentration. Phenylacety-
lene is well predicted and is formed mainly by ethynyl radical attack on
phenol (43%):
C6H5OH+C2H  *) C8H6 +OH (10.131)
Phenylacetylene has several consumption steps of which most contribute
with 3-9% individually to the total consumption rate, but two are more
significant. The first one, contributing with 26%, involves the O attack
in Eq. (10.59) leading to the phenyl radical and the ketenyl radical. The
second one, contributing with 25%, is the addition of triplet state carbene
to form indene seen in Eq. (10.53). Phenylacetylene levels are well pre-
dicted in the current study. Formation of styrene (C8H8) proceeds through
two di↵erent steps, where the first one is propargyl radical addition to the
cyclopentadienyl radical (36%):
C5H5 +C3H3  *) C8H8 (10.132)
The second one (37%) involves oxidation of the indenyl radical by O in
Eq. (10.39) forming the para-vinyl-phenyl radical (C8H7(P)) which subse-
quently recombine to styrene:
C8H7(P) + H  *) C8H8 (10.133)
The significant styrene consumption steps involves hydrogen abstraction
(28%) to the phenylvinyl radical (C8H7), where subsequent dissociation
forms phenylacetylene and OH attack (29%) forms the benzyl radical and
formaldehyde:
C8H8 +H  *) C8H7 +H2 (10.134)
C8H7  *) C8H6 +H (10.135)
C8H8 +OH  *) C7H7 +CH2O (10.136)
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The calculated mole fraction values of styrene are over-predicted, which
may be due to the too high levels of the propargyl radical. Fragmentation
where detected during measurements of indene [132] and therefore the mea-
sured mole fraction profile included both the 115 and 116 amu signals and
has in this work been interpreted as the sum of indene and the resonance
stabilised indenyl radical. This interpretation gives a good agreement with
measurements where the indenyl radical is higher in concentration than in-
dene. Indene is formed mainly by the reaction between phenyl acetylene
and triplet state carbene seen in Eq. (10.53) (64%). The major consump-
tion step of indene is the hydrogen abstraction in Eq. (10.30) leading to
the indenyl radical (88% with respect to indene consumption and 80% with
respect to the indenyl radical production) while subsequent recombination
of the indenyl radical in Eq. (10.29) contributes to 23% of the formation
of indene and 21% of the consumption of the indenyl radical. The O at-
tack reactions in Eqs. (10.39) to (10.41) contribute around 10% each. Two
other important consumption steps of the indenyl radical are the reactions
involving triplet and singlet state carbene forming methylene-indene seen in
Eqs. (10.42) and (10.43), which contribute 6% and 25% to the consumption,
respectively. Isomerisation of methylene-indene contributes 66% to the for-
mation of naphthalene while the sequence leading to naphthalene formation
from the phenyl radical and vinylacetylene seen in Eqs. (3.27) to (3.31) and
in Fig. 3.7 contributes 25%. The main consumption paths of naphthalene
is hydrogen abstraction leading to the 1-naphthyl radical (32%) and the
2-naphthyl radical (31%):
C10H7(A) + H2  *) C10H8 +H (10.137)
C10H7(B) + H2  *) C10H8 +H (10.138)
C10H7(A) C10H7(B) C10H7(L) C10H7(M)
1-naphthyl 2-naphthyl Ortho-phenylacetylene- 4-phenyl-1-buten-3-
radical radical vinyl radical yn-1-yl radical
Figure 10.22.: C10H7-isomers discussed in the text.
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The majority of the 1-naphthyl radicals and the 2-naphthyl radicals undergo
ring-breakage isomerisation (88% and 60%, respectively), forming the ortho-
phenylacetylene-vinyl radical (C10H7(L)) and the phenyl-1-buten-3-yn-1-yl
radical (C10H7(M)), respectively. C10H7(L) subsequently decomposes (67%)
to the ortho-ethynyl-phenyl radical and acetylene:
C10H7(L)  *) C8H5 +C2H2 (10.139)
However, hydrogen dissociation forming ortho-diethynyl-benzene is also a
significant consumption step (33%):
C10H7(L)  *) C10H6 +H (10.140)
C10H7(M) undergoes hydrogen dissociation almost entirely to form ortho-
diethynyl-benzene:
C10H7(M)  *) C10H6 +H (10.141)
It should be noted that oxidation steps are currently not implemented for
the 1-naphthyl radical. However, at the current conditions ring-breakage
isomerisation is the dominating consumption step for both isomers. The
calculated naphthalene concentration is in reasonable agreement with the
measured one.
In Fig. 10.23 calculated and measured mole fraction profiles of ortho-
diethynyl-benzene and larger PAHs as well as the measured temperature
can be seen. Ortho-diethynyl-benzene is formed through the hydrogen dis-
sociation of the C10H7 isomers seen in Eqs. (10.140) and (10.141) (34%
and 64%, respectively). Consumption proceeds through the O attack in
Eq. (10.58) forming the ortho-ethynyl-phenyl radical and the ketenyl radi-
cal (86%). The concentration of ortho-diethynyl-benzene is over-predicted
compared to measurements in the current study. Reasons to this may in-
clude uncertainties in the oxidation chemistry or that that the isomerisation
of the C10H7 isomers occurs at a too fast rate and that branching to other
products may be possible. The concentration of C12H8 isomers, where ace-
naphthalene (A2R5) is the main contributor, is also over-predicted in the
current study. It is both formed and consumed by the addition of acetylene
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to the 1-naphthyl radical and the reverse decomposition, respectively:
C10H7(A) + C2H2  *) A2R5 + H (10.142)
The exchange back and forth between acenaphthalene, corresponding radi-
cals and propargyl-acenaphthalene isomers occurs at significant rates. The
levels of C13H8 isomers are higher than measurements and do not go down
in the post flame zone. Fragmentation was detected during measurements
of the concentration of C13H8 isomers [132] and therefore the measured mole
fraction profile included both the 165 and 166 amu signals and has in this
work been interpreted as the sum of all C13H7 and C13H8 isomers. The reso-
nance stabilised phenalenyl and benzo[e]indenyl radicals are the most abun-
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Figure 10.23.: Calculated (—) and measured ( ) profiles of ortho-diethynyl-
benzene and PAHs as well as the measured temperature in a pre-
mixed (  = 1.8) benzene/oxygen flame [115]. Due to fragmenta-
tion [132] the measured concentration profile for C13H10 is inter-
preted to also include C13H9 radicals. Due to the abundance of
the afore mentioned radicals over stable isomers, only concentration
profiles for the benzo[e]indenyl and phenalenyl radicals are shown.
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A2R5 1-A2C3H4(C)
Acenaphthalene 3-naphth-1-yl-prop-2-en-1-yl
radical
Figure 10.24.: Species discussed in the text.
dant species having a mass in the above range, with concentrations at least
an order of magnitude higher than other C13H7 and C13H8 isomers. The
benzo[e]indenyl radical is formed through a path involving first the addition
of triplet state carbene to 1-ethynyl-naphthalene and 2-ethynyl-naphthalene
forming cyclopenta[3,2-a]naphthalene and cyclopenta[2,3-a]naphthalene, re-
spectively, shown in Eq. (10.55) and (10.56), respectively. The benzo[e]indenyl
radical is subsequently formed through hydrogen dissociation and abstrac-
tion of cyclopenta[3,2-a]naphthalene and cyclopenta[2,3-a]naphthalene shown
in Eqs. (10.33) to (10.36). The main consumption step of the benzo[e]indenyl
radical is the reaction in Eq. (10.45) with triple state carbene (55%) forming
fulvene[a]naphthalene, which isomerises to phenanthrene. The phenalenyl
radical is formed through two paths. The first path starts with a reaction
between triplet state carbene and 1-ethynyl-naphthalene forming phenalene
seen in Eq. (10.54). The phenalenyl radical is subsequently formed by hydro-
gen abstraction reaction in Eq. (10.32). The second path also starts with a
reaction between triplet state carbene and 1-ethynyl-naphthalene, but form-
ing cyclopenta[3,2-a]naphthalene and can be seen in Eq. (10.55). Hydrogen
addition to cyclopenta[3,2-a]naphthalene breaks the cyclopenta part of the
compound and the 3-naphth-1-yl-prop-2-en-1-yl radical (1-A2C3H4(C)) is
formed:
c-A2C3H4(A) + H  *) 1-A2C3H4(C) (10.143)
1-A2C3H4(C) forms phenalene by ring closure (c.f. Fig. 3.19)
1-A2C3H4(C)  *) A2R6 + H (10.144)
and the phenalenyl radical is subsequently formed by hydrogen abstraction
from phenalene in the reaction shown in Eq. (10.32). The only consumption
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step of the phenalenyl radical is recombination back to phenalene
A2R6  *) A2R6(R) + H (10.145)
which is slower than the hydrogen abstraction reaction in the opposite direc-
tion. This may explain why the concentration of C13H7 and C13H8 isomers
is still high in the post flame zone while experiments indicates disappearance
and additional oxidation paths of the phenalenyl and benzo[e]indenyl radi-
cals will improve the agreement. The two aromatic radicals discussed above,
introduced by the C3-growth mechanism, have significant concentration lev-
els, but are actually not formed by addition of C3-species in the current
flame, but rather by triplet state carbene growth from 1-ethynyl-naphthalene
and 2-ethynyl-naphthalene. Formation of 1-ethynyl-naphthalene and
2-ethynyl-naphthalene will be discussed further below. The measured con-
centration of biphenyl (C12H10) is 10 times lower than the calculated con-
centration. A possible contributing reason for this disagreement, since the
reaction
C6H6 +C6H5  *) C12H10 +H (10.146)
is the major formation step of biphenyl, is that the phenyl radical concentra-
tion is possibly over-predicted in the current study. Further more, there are
no oxidation steps involving biphenyl and the corresponding ortho-phenyl-
phenyl radical. The exchange between biphenyl and the ortho-phenyl-
phenyl radical is significant and the reactions in Eqs. (10.147) and (10.148)
below contribute 63% and 34% to the global consumption of biphenyl and
the recombination reaction in Eq. (10.149) contributes 79% to the global
biphenyl formation.
C12H10 +H  *) C12H9 +H2 (10.147)
C12H10 +OH  *) C12H9 +H2O (10.148)
C12H10  *) C12H9 +H (10.149)
The reaction in Eq. (10.146) is also a major decomposition step at high
temperatures. The ortho-phenyl-phenyl radical forms phenanthrene by a
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A3(R1) A3(R4) A3
1-phenanthrenyl 4-phenanthrenyl Phenanthrene
radical radical
Figure 10.25.: Phenanthrene and corresponding radical isomers.
reaction with acetylene (19%):
C12H9 +C2H2  *) A3 +H (10.150)
The sequence of reactions in Eqs. (10.146) to (10.150) is also illustrated
in Fig. 3.17 in Chapter 3. Phenanthrene is mainly (55%) formed by the
reaction in Eq. (10.150) while recombination of the 4-phenanthrenyl radical
(A3(R4))
A3(R4) + H  *) A3 (10.151)
contributes with 24% to the phenanthrene formation. However, the rates of
hydrogen abstraction reactions from phenanthrene forming the 1-phenanthrenyl
radical (A3(R1)) by H and OH (30% and 12%, respectively) and the
4-phenanthrenyl (30% and 12%, respectively) radical are higher in total
than the above recombination step and is the main steps of phenanthrene
consumption:
A3 +H  *) A3(R1) + H2 (10.152)
A3 +OH  *) A3(R1) + H2O (10.153)
A3 +H  *) A3(R4) + H2 (10.154)
A3 +OH  *) A3(R4) + H2O (10.155)
Even though phenanthrene formation is dependent on the too high biphenyl
concentration, the concentration of phenanthrene is under-predicted in the
current study. Besides consumption by recombination to phenanthrene,
the 1-phenanthrenyl radical and the 4-phenanthrenyl radical undergoes ring
breakage to 1,2-diethynyl-naphtalene (A2C2H(X2)) (54% and 38%, respec-
tively):
A3(R1)  *) A2C2H(X2) + H (10.156)
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radical radical
Figure 10.26.: Di↵erent ethynyl substituted naphthalene compounds discussed
in the text.
A3(R4)  *) A2C2H(X2) + H (10.157)
1,2-diethynyl-naphtalene undergoes H-addition induced decomposition to
1-ethynyl-naphthalene (19%) and 2-ethynyl-naphthalene (19%) as well as
to the 1-ethynyl-naphth-2-yl (A2C2H(A1)) (32%) and 2-ethynyl-naphth-1-yl
(A2C2H(B1)) (29%) radicals:
A2C2H(X2) + H  *) A2C2H(A) + C2H (10.158)
A2C2H(X2) + H  *) A2C2H(B) + C2H (10.159)
A2C2H(X2) + H  *) A2C2H(A1) + C2H2 (10.160)
A2C2H(X2) + H  *) A2C2H(B1) + C2H2 (10.161)
The 1-ethynyl-naphth-2-yl and 2-ethynyl-naphth-1-yl radicals recombine to
form 1-ethynyl-naphthalene and 2-ethynyl-naphthalene respectively:
A2C2H(A1) + H  *) A2C2H(A) (10.162)
A2C2H(B1) + H  *) A2C2H(B) (10.163)
The 2-ethynyl-naphth-1-yl radical is also at the same time formed by hy-
drogen abstraction from 2-ethynyl-naphthalene, seen in Eq. (10.164), which
contributes 72% to the formation rate while the reaction in
Eq. (10.161) contributes 20%.
A2C2H(B) + H  *) A2C2H(B1) + H2 (10.164)
However, the rate of recombination forming 2-ethynyl-naphthalene is higher
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than the rate of hydrogen abstraction above. The concentration of
1,2-diethynyl-naphtalene is under-predicted in this study, which may partly
be due to the under-prediction of phenanthrene. The reaction in Eq. (10.159)
contributes 10% to formation of 2-ethynyl-naphthalene while recombination
of the 2-ethynyl-naphth-1-yl radical and the hydrogen atom contributes
76%. Formation of 1-ethynyl-naphthalene proceeds at 21% via the reac-
tion in Eq. (10.158), 29% via recombination of the 1-ethynyl-naphth-2-yl
radical and the hydrogen atom and 18% via addition of the ethynyl radical
to napthalene:
C10H8 +C2H  *) A2C2H(B1) + H (10.165)
Pyrene is formed through two main routes. The first route involves addition
of triplet state carbene to phenanthrene, forming the 4-phenanthrenylmethyl
radical:
A3 +CH2(T)  *) A3CH2 +H (10.166)
The 4-phenanthrenylmethyl radical forms cyclopenta[def]phenanthrene
through ring closure:
A3CH2  *) A3R5 + H (10.167)
Pyrene is subsequently formed through the sequence of reactions illustrated
in Fig. 3.24, which includes the reaction in Eq. (10.45).
Cyclopenta[def]phenanthrene was introduced by the C3-growth mechanism
and have a significant impact on the concentration of pyrene in the cur-
rent flame. However, in the current flame, as in the case of the C13H9
radicals discussed above, it is formed by addition of a C1-species. The sec-
ond pyrene forming path is a one step reaction between acetylene and the
A3CH2 A4(R1) A4
4-phenanthrenylmethyl 1-pyrenyl Pyrene
radical radical
Figure 10.27.: Di↵erent PAH species discussed in the text.
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4-phenanthrenyl radical leading to ring closure so that pyrene is formed.
A3(R4) + C2H2  *) A4 +H (10.168)
The exchange between pyrene and the pyrenyl radical is very significant
and recombination of the 1-pyrenyl radical (A4(R1)) contributes 80% to
the formation of the former and with 95% to the consumption of the latter:
A4(R1) + H  *) A4 (10.169)
At the same time hydrogen abstraction by H and OH from pyrene to form
the 1-pyrenyl radical contributes 92% in total to the consumption of the
former and entirely to the formation of the latter:
A4 +H  *) A4(R1) + H2 (10.170)
A4 +OH  *) A4(R1) + H2O (10.171)
As a consequence, the formation paths above involving
cyclopenta[def]phenanthrene and phenanthrene only contribute 12%, and
5%, respectively, to the formation of pyrene. Oxidation steps of pyrene and
the 4-phenanthrenyl radical are currently possibly too slow, causing the
over-prediction of concentration levels and slow decay of the profile com-
pared to measurements.
The calculated results for the premixed benzene flame of Bittner and
Howard [115] are, overall, reasonable compared to measurements. Species
smaller than benzene are generally well predicted or within a factor ⇠ 2
of measurements, especially for radicals, which is also reasonable consider-
ing the possible measurement uncertainties. The few exceptions, e.g. the
over-prediction of the propargyl radical shows that uncertainties regard-
ing the chemistry of smaller species are still present. For aromatic species
larger than benzene the agreement varies from significantly over-predicted
(i.e. biphenyl and ortho-diethynyl-benzene) to reasonable within a factor
⇠ 2 of measurements in at least the formation part of the profile e.g. as in
the case of the C13H9 isomers and pyrene. Profiles for indene and the in-
denyl radical as well as naphthalene, that are important for the formation of
larger PAH species, are in relatively good agreement with measurements. A
conclusion regarding PAH formation and destruction in the current flame is
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that, although there are uncertainties in formation paths, the oxidation and
decomposition paths are either non-existing or insu cient to explain the
decay of PAH profiles in the post flame zone. These uncertainties and the
PAH oxidation chemistry may be important for soot formation around the
stoichiometric sooting limit and may also partly explain the over-prediction
of soot formation at   = 1.8 observed in Chapter 8. The suggested improve-
ments of the chemical reaction mechanism in this chapter must be inves-
tigated further in premixed flames burning various fuels. The reasonably
predicted pyrene concentration in the formation part in the current pre-
mixed flame and the reasonable agreement for soot in the premixed flames
in Chapter 7 leads to the conclusion, that for premixed sooting flames, the
PAH chemistry is less uncertain compared to ethylene di↵usion flames in
light of the disagreement obtained between measurements and calculations
in Chapter 9. This can be expected since the PAH formation sub-mechanism
of Wang and Frenklach [32] leading up to pyrene was tested against a set
of premixed acetylene and ethylene flames and therefore a laminar counter-
flow ethylene di↵usion flame will be studied in the next chapter in order to
evaluate the impact of PAH formation on soot during non-premixed condi-
tions.
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11. Modelling formation of
aromatic species in a laminar
ethylene di↵usion flame
11.1. Experimental system and conditions
Olten and Senkan [133] experimentally investigated PAH formation in a
laminar counter-flow ethylene di↵usion flame at a strain rate of 56.6 s 1.
The conditions of the study of Olten and Senkan [133] are therefore highly
relevant for the soot modelling study in Chapter 9 considering similar lami-
Figure 11.1.: Schematic of the setup of Olten and Senkan [133] (where the figure is
taken from).
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nar di↵usion flames and measurements on the former flames may be able to
indicate if concentration levels of PAHs in the latter flames are reasonable.
The burner used in the study consists of an upper and a lower nozzle, both
25.4 mm in diameter and with a separation of 15 mm. The oxidant from the
upper nozzle consists of 22% oxygen and 78% argon (by volume), while the
fuel stream from the lower nozzle consists of 75% ethylene and 25% argon.
Meshes in the nozzles were used to create a uniform velocity profile. An
annular argon co-flow surrounds the oxidant stream from the upper nozzle
to shield the flame while an annular outlet around the lower fuel nozzle
served as an exhaust. The experimental setup can be seen Fig. 11.1. Flame
gases were sampled with a heated quartz probe with a conically tapered
tip and with a 125 µm in diameter orifice. Soot particles were removed
from the sampled gas using a heated quarts filter. Possible flame quench-
ing by the probe and pyrolysis in the probe were investigated by sampling
at di↵erent sampling line pressures and temperatures and were found to
be negligible. Exchange between radicals and between radicals and stable
species were studied numerically. It was found that even if all radicals would
be converted to stable species it would only a↵ect stable species concentra-
tions by 1-5%. However in Chapter 10 it was shown by both measurements
and calculations that e.g. the cyclopentadienyl radical has a comparable
concentration to cyclopentadiene, which will be discussed in the result and
discussion section below. Any catalytic activities of the probe and sampling
lines where found to be negligible by varying temperatures. All measure-
ment equipments were kept above 300  C. Measurements of species were
made using gas chromatography coupled to a thermal conductivity detec-
tor in the case of major species or a mass spectrometer for minor species.
Species calibrations were made using a reference gas mixture and matching
retention times and mass spectrometry fingerprints with libraries and the
accuracy was estimated to be within 15%. For species which no calibration
standards were available for, a method of relative ionisation cross-sections
was used. This method was found to be accurate within a factor of two in
a previous study [117]. During measurements the burner was moved up or
down while the sampling probe or the thermocouple was in a fixed posi-
tion and the positional accuracy of the measurements were estimated to be
±0.25 mm. Temperature measurements were made with a Pt/Pt+13%Rh
thermocouple with a wire diameter of 75 µm and with silica coating making
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the diameter 200 µm. The rapid insertion technique developed by McEnally
et al. [134] was used in order to minimise the impact of soot deposition on
the thermocouple. No radiation corrections were made and therefore the
radiation correction technique of Abid et al. [57] was used in the current
work. For the radiation corrections calculations, transport properties were
taken from flame calculations where the fuel stream velocity was reduced
with 25% in order to match the measured temperature profile positionally
(see the result and discussion section below). The emissivity of silica with
a thickness of 100 µm at 2000 K has been calculated to be 0.1 [135], a value
which was used in the current work. The error due to soot deposition in-
creasing the emissivity during the transient phases just after insertion of the
thermocouple have been investigated by McEnally et al. [134] and was found
to be approximately 65 K and was therefore neglected. The experimental
uncertainty regarding the temperature will be addressed by a temperature
sensitivity analysis below.
11.2. Physical model
An axisymmetric coordinate system is used for the current flame and the in-
viscid and incompressible flow field for the current system under isothermal
conditions is [136]:
ue = ax, ve =  2ay (11.1)
The momentum, the species (including soot sections) and the enthalpy
equations along the central streamline using the pseudo one dimensional
approach in Chapters 7 and 9 can be seen in Eqs. (7.4) to (7.6) in Chap-
ter 7 [136]. However, due to the axisymmetric coordinate system, the con-
tinuity equation is [136]:
1
x
@x⇢u
@x
+
@⇢v
@y
= 0 (11.2)
Applying coordinate transformation in Eqs. (7.8) to (7.12) introduced in
Chapter 7 to the governing equations therefore results in the same equations
for all transported properties as in Chapter 7 (Eqs. (7.14) to (7.16)) except
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for the continuity equation which becomes:
2 0 +
@V
@⌘
= 0 (11.3)
The axial velocity boundary conditions were set to 24.68 cm/s at the oxi-
diser nozzle exit and 19.74 cm/s in the opposite direction at the fuel stream
nozzle exit. At both nozzles the boundary condition  0 = 1 was used. Tem-
peratures at the nozzle exits were assumed to be equal to the last measured
temperature for each side. The boundary condition (V Yk + J 0k)e = V Yk,e
for species and soot where applied to both boundaries .
The sectional soot model with the same setup as in Chapter 9 was used
during calculations in the current flame in order to have an at least quali-
tatively reasonable consumption of acetylene and PAHs (mainly pyrene) by
soot formation.
The temperature correction in Eq. (7.20) was used with the parameters ⇠
and Tad set to 0.205 and to the maximum temperature of the flame when no
correction was applied, respectively. The reason why an exponent of 2 was
used as in Chapter 7 compared to an exponent of 4 in Chapter 9 is that the
latter causes a local minimum in the corrected temperature profile around
the highest measured temperature in the current case.
The chemical mechanism following the review in Chapter 10 was used
during the calculations, except for the cases where low pressure (< 1 bar)
rate constants were applied. In those cases either the rate constant at
1 bar from the same study was used or in the cases where no such rate
constant was available the previously used rate constant was applied. The
reaction rate constants for the cases discussed above can be seen in Tab. 11.1,
where rate constants used in this chapter and Chapter 10 are compared.
An exception is the recombination between the naphthyl radical and the
methyl radical forming 1-methyl-naphtalene (for which measurements had
been provided) where the isomer was changed from the 2-naphthyl radical to
the 1-naphthyl radical. Another exception was that the main consumption
path of triacetylene was found to be the reaction,
C2H2 +C4H2  *) C6H2 +H+H (11.4)
which was substituted with the following sequence accounting for hexendi-
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1,5-ynyl as an intermediate species:
C6H3  *) C6H2 +H (11.5)
C2H2 +C4H2  *) C6H3 +H (11.6)
C6H4(L)  *) C6H3 +H (11.7)
The rates of the reactions above were approximated by the following ana-
log reactions involving diacetylene, the 1-buten-3-yn-2-yl radical and viny-
lacetylene:
C4H3(I)  *) C4H2 +H (11.8)
C2H2 +C2H2  *) C4H3(I) + H (11.9)
C4H4  *) C4H3(I) + H (11.10)
Two reactions similar to the one in Eq. (11.4) involving tetraacetylene were
also removed.
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11.3. Result and discussion
The structure of species discussed in the text below are shown in Figs. 10.2
to 10.9, 10.12, 10.14, 10.16, 10.18, 10.21, 10.22 and 10.24 to 10.27 in the
previous chapter and in Figs. 11.6, 11.8 and 11.10 below. The measured
temperature with and without radiation correction can be seen in Fig 11.2.
The radiation correction increases the measured temperature with up to
250 K. Local gas properties used for the radiation correction were taken
from a calculation where the velocity at the fuel boundary was decreased
by 25% in order to match the position of the calculated and measured tem-
perature profiles. The agreement is reasonable at the rich side (the left side
in the figures of this chapter), while the width of the calculated temperature
profile is over-predicted making the agreement on the oxidant side worse and
in turn a↵ecting the accuracy of the radiation correction there. However,
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Figure 11.2.: Calculated and meaured temperature profiles of the laminar ethy-
lene di↵usion flame studied by Olten and Senkan [133]. The solid
line (—) shows calculations using the prescribed boundary conditions,
the dash-dotted line (- · -) shows calculations using a 25% reduced
fuel stream velocity, circles ( ) show the measured temperature and
squares (⇤) show the radiation corrected temperature.
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most species measurement were made on the fuel side and therefore this dis-
agreement is acceptable for the current purpose. The temperature profile
calculated using the prescribed boundary velocities is shifted away from the
fuel side compared to measurements. Below, calculated species profiles will
be shown for calculations with a temperature variation of approximately
±100 K due to the calculated and experimental temperature uncertainties.
In these calculations, the prescribed fuel stream inlet velocity will be used
and therefore a positional disagreement will be noted for all cases. How-
ever, the calculated absolute levels of the species are not sensitive to this
positional disagreement when comparing against the case with reduced fuel
stream velocity. During the presentation and analysis of the result below
the positional disagreement will be implicit when comparing calculated and
measured profiles.
In Fig. 11.3 measured and calculated concentration profiles can be seen for
major species. The agreement is good to reasonable for ethylene, hydrogen,
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Figure 11.3.: Calculated and measured species profiles of the laminar ethylene dif-
fusion flame studied by Olten and Senkan [133]. Solid lines (—) show
calculations, dashed (- -) and dotted (· · ·) lines shows an 100 K in-
crease and decrease, respectively of the temperature and circles ( )
show measurements.
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carbon monoxide and carbon dioxide and the sensitivity to the temperature
is more or less insignificant. The measured oxygen mole fraction profile
starts to decrease closer to the oxidant stream boundary than the calculated
one, even though the calculated profile is in every other instance shifted
towards the oxidant boundary and measurement errors can be suspected
in this case. The measured mole fraction levels of water is impossibly high
since the mole fraction of water in a stoichiometric mixture while accounting
for the dilution of the fuel and the oxygen by argon is 13.4% which is
around half of the experimental maximum. The case of water concentration
measurements shows that the accuracy of species measurements may be a
factor of two, even though reference samples are available for calibration.
However, for the species important to soot inception, i.e. PAHs, this level of
accuracy is acceptable in order to explain the under-prediction of the soot
volume fraction in the similar flames studied in Chapter 9.
The main consumption steps for the fuel are the hydrogen abstraction re-
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Figure 11.4.: Calculated and measured species profiles of the laminar ethylene dif-
fusion flame studied by Olten and Senkan [133]. Solid lines (—) show
calculations, dashed (- -) and dotted (· · ·) lines shows an 100 K in-
crease and decrease, respectively of the temperature and circles ( )
show measurements. Due to higher abundance compared to other
C4H6-isomers, the calculated profile of 1,3-butadiene is shown.
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actions involving H (86%) and OH (12%) in Eq. (3.4) and (3.5), respectively,
forming the vinyl radical. The vinyl radical subsequently forms acelylene
by hydrogen dissasociation (the reaction in Eq. (3.10). Measured and cal-
culated mole fraction profiles for acetylene can be seen in Fig. 11.4 together
with other intermediate species. The calculated concentration of acetylene
is in reasonable agreement with experiments and show only a slight sensitiv-
ity to the temperature. Consumption of acetylene proceeds partly through
hydrogen abstraction involving H (19%) and OH (24%) forming the ethenyl
radical:
C2H+H2  *) C2H2 +H (11.11)
C2H2 +OH  *) C2H+H2O (11.12)
Attack by O on acetylene leads to carbon monoxide and triplet state carbene
(7%) as well as the ethynyloxy radical (11%):
C2H2 +O  *) CO+ CH2(T) (11.13)
C2H2 +O  *) C2HO+H (11.14)
However, formation of ketene by OH attack is the most significant (30%)
consumption step of acetylene:
C2H2 +OH  *) C2H2O+H (11.15)
The ethynyl radicals formed subsequently reacts with water forming ketene
(92%).
C2H+H2O  *) C2H2O+H (11.16)
A small amount (5%) reacts with acetylene
C2H2 +C2H  *) C4H2 +H (11.17)
which contributes 68% to the total production rate of diacetylene. Diacety-
lene is mainly (90%) consumed by OH attack forming the butadiynoxy
radical:
C4H2 +OH  *) C4H2O+H (11.18)
The mole fraction of diacetylene is slightly under-predicted and not sensitive
to the temperature. Vinylacetylene and 1,3-butadiene are also formed by
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addition reactions between C2-species resulting from ethylene conversion.
Vinylacetylene is formed by addition of the vinyl radical to acetylene (55%)
and addition of the ethynyl radical to ethylene (27%):
C2H3 +C2H2  *) C4H4 +H (11.19)
C2H4 +C2H  *) C4H4 +H (11.20)
The main consumption step of vinylacetylene is hydrogen abstraction form-
ing the 1-buten-3-yn-1-yl radical (84%):
C4H4 +H  *) C4H3(N) + H2 (11.21)
This is the dominant production route of the 1-buten-3-yn-1-yl radical,
which subsequently isomerises to the 1-buten-3-yn-2-yl radical that in turn
forms diacetylene by hydrogen abstraction and dissassociation (19% with
respect to the total diacetylene formation rate). The agreement between
the calculated and measured vinylacetylene profile is good and the calcu-
lated profile is not sensitive towards the temperature. The calculations
over-predicts the concentration of 1,3-butadiene, which is the most abun-
dant C4H6-isomer by at least an order of magnitude, while the temperature
uncertainty can be ruled out as a cause. The 1,3-butadiene is mainly formed
by the addition of the vinyl radical to ethylene (89%) :
C4H6(T) + H  *) C2H4 +C2H3 (11.22)
The most significant consumption steps of 1,3-butadiene are hydrogen ab-
straction reactions to form the 1,3-butadien-1-yl radical (16%) and the 1,3-
butadien-2-yl radical (36%):
C4H6(T) + H  *) C4H5(T) + H2 (11.23)
C4H6(T) + H  *) C4H5(I) + H2 (11.24)
The calculated level of propyne (C3H4(P)) is higher than the level of al-
lene (C3H4(A)), while cyclopropene (C3H4(B)), which is the third and last
C3H4-isomer in the current chemical mechanism, has mole fraction levels at
least two orders of magnitude below the former two isomers. However, the
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propyne formation path involves cyclopropene (65% with respect to forma-
tion of propyne). The path starts with the addition of singlet and triplet
state carbene to acetylene
CH2(T) + C2H2  *) C3H4(B) (11.25)
CH2(S) + C2H2  *) C3H4(B) (11.26)
forming cyclopropene which subsequently isomerises to propyne. Propyne
is mainly consumed by third-body collision induced hydrogen dissociation
(56%) and hydrogen abstraction by OH (32%)
C3H4(P) +M  *) C3H3 +H+M (11.27)
C3H4(P) + OH  *) C3H3 +H2O (11.28)
to form the propargyl radical. Allene is mainly formed by addition of the
methyl radical to acetylene (46%)
C2H2 +CH3  *) C3H4(A) + H (11.29)
which also contributes to consumption above 2000 K in the current flame.
Isomerisation of allene to cyclopropene and is significant below 1850 K,
but reverses direction at higher temperatures. Consumption steps of allene
include third-body collision induced hydrogen dissociation to the propargyl
radical (31%)
C3H4(A) +M  *) C3H3 +H+M (11.30)
and third-body induced isomerisation to propyne (27%)
C3H4(A) +M  *) C3H4(P) +M (11.31)
which contributes with 8% to the total formation rate of propyne. The
mole fractions of C3H4-isomers are somewhat under-estimated in the cur-
rent work. 3,4-pentadienyn (C5H4(L)) is formed in a sequence (70%) start-
ing with addition of triplet state carbene to diacetylene forming the 3,4-
pentadienyn-5-yl radical (C5H3(L)), which can be seen in Eq. (10.80) and
which rate constant is based on an estimate by Lindstedt and Skevis [36].
The majority of the formed penta-2,4-dienyn-5-yl radicals forms pentate-
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traene (C5H2) by hydrogen abstraction (65%),
C5H3(L) + H  *) C5H2 +H2 (11.32)
where the rate is an estimate by Leung and Lindstedt [120] and the potential
for improvements is likely. A small part (16%) undergoes recombination to
form 3,4-pentadienyn:
C5H3(L) + H  *) C5H4(L) (11.33)
3,4-pentadienyn is, however, consumed by hydrogen abstraction back to the
3,4-pentadienyn-5-yl radical:
C5H4(L) + H  *) C5H3(L) + H2 (11.34)
The rate constants of the recombination and the hydrogen abstraction steps
above are based on estimates by Leung and Lindstedt [120], again, and the
potential for improvements is likely. Another production step involves the
addition of triplet state carbene to the 1-buten-3-yn-2-yl radical (14%):
C4H3(I) + CH2(T)  *) C5H4(L) + H (11.35)
The calculated mole fraction levels of 3,4-pentadienyn are below the mea-
sured ones and not sensitive to the temperature.
In Fig. 11.5 calculated and measured mole fraction profiles can be seen
for several molecular growth products in the C5 to C8 size range. The most
important formation step of benzene is the vinyl radical addition to viny-
lacetylene seen in Eq. (3.23), which contributes 40% to the total formation
rate of benzene. The recombination of the propargyl radical with itself to
form several linear C6H6-isomers which subsequently isomerise in one or two
steps to benzene contribute in total to 31% of the formation of benzene:
C3H3 +C3H3  *) C6H6(B) (11.36)
C3H3 +C3H3  *) C6H6(S) (11.37)
C3H3 +C3H3  *) C6H6(F) (11.38)
C6H6(B)  *) C6H6(F) (11.39)
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C6H6(S)  *) C6H6(F) (11.40)
C6H6(F) + H  *) C6H6 +H (11.41)
C6H6(F)  *) C6H6 (11.42)
In the reactions above C6H6(B) is 4,5-hexadienyne, C6H6(S) is 1,2,4,5-
hexatetraene and C6H6(F) is fulvene. Benzene is mainly (79%) consumed
by the hydrogen abstraction reaction in Eq. (10.65) forming the phenyl
radical. The calculated mole fraction levels of benzene are in reasonable
agreement with measurements and display a certain sensitivity to the tem-
perature. Olten and Senkan [133] measured a significant amount of a lin-
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Figure 11.5.: Calculated and measured species profiles of the laminar ethylene dif-
fusion flame studied by Olten and Senkan [133]. Solid lines (—) show
calculations, dashed (- -) and dotted (· · ·) lines shows an 100 K in-
crease and decrease, respectively of the temperature and circles ( )
show measurements. The calculated profiles for both the cyclopenta-
dienyl radical and cyclopentadiene are shown since interference of the
radical during measurements may be possible. Due to higher abun-
dance compared to other linear C6H6-isomers, the calculated profiles
of fulvene and 3,5-hexadienyne (C6H6(D)) are shown. Observe the
logarithmic ordinate scales for non-benzene C6H6-isomers and C6H4-
isomers.
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4,5-hexadienyne 3,5-hexadienyne Fulvene 1,2,4,5-hexatetraene
Figure 11.6.: Di↵erent C6H6-isomers discussed in the text.
ear C6H6-isomer thought to be 1,5-hexadiyne. However, the calculated
mole fractions of C6H6-isomers are one or more orders of magnitude lower
than the measurements and interference from benzene is a possible expla-
nation of the experimental result. In Fig. 11.5 the mole fraction of 3,5-
hexadienyne (C6H6(D)) and fulvene, which are the isomers with highest con-
centration level after benzene, are shown. The phenyl radical is in turn con-
sumed by addition of ethylene forming styrene (20%), isomerisation to the
1,3-hexadien-5-yn-1-yl radical (C6H5(B)) (17%) and hydrogen abstraction
to benzyne (30%):
C6H5 +C2H4  *) C8H8 +H (11.43)
C6H5  *) C6H5(B) (11.44)
C6H5 +H  *) C6H4 +H2 (11.45)
The 1,3-hexadien-5-yn-1-yl radical in turn decomposes to the 1-buten-3-yn-
2-yl radical and acetylene:
C6H5(B)  *) C4H3(I) + C2H2 (11.46)
Iomerisation of benzyne contributes 47% to the production of 3-hexendi-1,5-
yne while addition of triplet state carbene to the 1,4-pentadiyn-3-yl radical
contributes 39%:
C5H3(L) + CH2(T)  *) C6H4(L) + H (11.47)
The formed 3-hexendi-1,5-yne is consumed by the hydrogen abstraction re-
action in Eq. (10.25) to form the hexendi-1,5-ynyl radical. The level of
C6H4-isomers is under-estimated by an order of magnitude in the current
study. Triacetylene is formed by hydrogen dissociation from the hexendi-
1,5-ynyl radical seen in Eq. (11.5) (39%). Addition of the ethenyl radical
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to diacetylene,
C4H2 +C2H  *) C6H2 +H (11.48)
contributes 13% to formation, but is the main consumption step above
1950 K. The calculated levels of triacetylene are lower than measurements,
but still reasonable. The temperature sensitivity of the calculated profile is
modest. The calculated mole fraction level of styrene is in good agreement
with measurements while showing a certain sensitivity to the temperature
which can be seen in Fig. 11.7. Styrene is solely formed through the ethylene
addition to the phenyl radical seen in Eq. (11.43). The main consumption
path of styrene is the hydrogen abstraction reaction in Eq. (10.134), forming
the phenylvinyl radical (52%). In a subsequent hydrogen dissassociation
step, seen in Eq. (10.135), phenylacetylene is formed and contributes 33%
to the total formation rate of phenylacetylene. Other significant formation
steps of phenylacetylene are addition of acetylene to the phenyl radical
(20%) and addition of diacetylene to the 1,3-butadien-1-yl radical (28%):
C6H5 +C2H2  *) C8H6 +H (11.49)
C4H5(T) + C4H2  *) C8H6 +H (11.50)
Significant consumption steps of phenylacetylene include OH attacks leading
to the benzyl radical and carbon monoxide (25%) as well as the ethenyl
radical and phenol (23%):
C8H6 +OH  *) C7H7 +CO (11.51)
C8H6 +OH  *) C2H+ C6H5OH (11.52)
The reaction in Eq. (11.49) changes direction above 1850 K in the current
flame and contributes significantly to the consumption of phenylacetylene.
The calculated mole fraction levels of phenyl acetylene are in agreement with
measurements and the sensitivity to the temperature is moderate, which can
be seen in Fig. 11.5. In the previous chapter, where premixed combustion
of benzene was studied, cyclopentadiene was formed through oxidation of
benzene. However, in the current flame cyclopentadiene is mainly formed
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by addition of acetylene to the allenyl radical (68%):
C3H5(A) + C2H2  *) C5H6 +H (11.53)
The cyclopentadienyl radical is formed by the hydrogen abstraction (74%
with respect to cyclopentadiene consumption and 67% with respect to for-
mation of the cyclopentadienyl radical) and dissassociation (23% with re-
spect to cyclopentadiene consumption and 21% with respect to formation of
the cyclopentadienyl radical) reactions in Eqs. (10.76) and (10.77), respec-
tively. The cyclopentadienyl radical decomposes to the propargyl radical
and acetylene according to the reaction in Eq. (10.17). The calculated mole
fractions of cyclopentadiene are in agreement with measurements. How-
ever, there is an uncertainty regarding the measurements of cyclopentadiene,
which may be influenced by interference from the cyclopentadienyl radical
due to the significant concentration of the latter.
In Fig. 11.7 calculated and measured mole fraction profiles can be seen for
several aromatic species. Toluene is mainly (78%) formed through recombi-
nation of the phenyl and methyl radical seen in the reaction in Eq. (10.28.
The hydrogen abstraction reaction leading to the benzyl radical seen in
Eq. (10.83) is the dominating consumption path of toluene (79%). The re-
combination of the benzyl radical has a significant rate and produces toluene
at lower temperatures while changing direction at higher temperatures. The
concentration levels of toluene are somewhat under-predicted, but compara-
ble to measured levels and only slightly a↵ected by the uncertainty regard-
ing the experimental temperature. A majority (65%) of the benzyl radical
population is consumed by isomerisation to the 1-cyclopentadienyl-vin-1-
yl radical (C7H7(L)). The 1-cyclopentadienyl-vin-1-yl radical subsequently
forms ethynyl-cyclo-pentadiene through hydrogen dissassociation:
C7H7(L)  *) C7H6 +H (11.54)
Ethynyl-cyclo-pentadiene in turn decomposes to 3,4-pentadienyn:
C7H6  *) C5H4(L) + C2H2 (11.55)
The above formation route of 3,4-pentadienyn is contributing 10% to the
total formation rate. Another significant (19%) consumption step of the
208
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Figure 11.7.: Calculated and measured species profiles of the laminar ethylene dif-
fusion flame studied by Olten and Senkan [133]. Solid lines (—) show
calculations, dashed (- -) and dotted (· · ·) lines shows an 100 K in-
crease and decrease, respectively of the temperature and circles ( )
show measurements. The calculated profiles for both the indenyl rad-
ical and indene are shown since interference of the radical during
measurements may be possible. Since C13H9-isomer radicals are in
higher concentration than their corresponding stable C13H10-isomers,
making interference during measurements likely, profiles of phenalenyl
and benzo[e]indenyl radicals are shown. Observe the logarithmic or-
dinate scale for the phenalenyl and the benzo[e]indenyl radicals.
.
C7H7(L) C9H7CH3
1-cyclopentadienyl-vin-1-yl radical methylindene
Figure 11.8.: Species discussed in the text.
benzyl radical is the addition of ecetylene to form indene (16% with respect
to the formation of indene). The highest contribution to the indene forma-
tion rate is recombination of the indenyl radical with atomic hydrogen (69%
with respect to formation of indene and 79% with respect to formation of
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the indenyl radical), but the rate of the corresponding hydrogen abstrac-
tion step forming the indenyl radical exceeds the rate of the recombination
step and is the dominant consumption and formation step of indene and
the indenyl radical, respectively. Another significant (10%) net formation
step of indene is the addition of triplet state carbene to phenylacetylene
seen in Eq. (10.53). The only significant consumption step of the indenyl
radical besides recombination with atomic hydrogen (which in fact is not
a net consumption step as discussed above) is the recombination with the
methyl radical (15%):
C9H7 +CH3  *) C9H7CH3 (11.56)
If the calculated mole fraction profiles of indene and the indenyl radical
are summed up, motivated by the possible interference of the latter during
measurements of the former, the resulting profile would be in agreement
with the measurements.
The formation of methylindene through the reaction in Eq. (11.54) and
formation of methylene-indene through the reaction in Eq. (10.42) is the
starting point for one of two main formation routes of naphthalene and
contributes with 44% to the formation rate. The route is illustrated in
Fig. 3.15 and the methyl radical and the triplet state carbene recombina-
tion reactions with the indenyl radical contribute 74% and 23%, respectively,
to the formation of methylene-indene. The other main formation route
of naphthalene (44%) is through the 1-hydro-naphtyl radical (C10H9(T)),
which is formed by sequences initiated by vinylacetylene addition to the
phenyl radical as shown in Eq. (3.27) to (3.31) and in Fig. 3.7. Naphtha-
lene is consumed by hydrogen abstraction to the 1-naphthyl and 2-naphthyl
radicals according to the reactions in Eq. (10.137) and (10.138).
The level of napthalene is under-predicted by approximately a factor 5
and may be due to uncertainties of formation paths, including the possibility
that, at the current conditions, there are significant formation paths that the
current chemical mechanism do not account for. However, such paths must
be di↵erent from those found dominant for the benzene flame discussed in
Chapter 10. Partly due to the under-prediction of naphthalene, larger PAH
species will show too low concentrations. A majority of the 2-naphthyl
radical population undergoes ring-breakage isomerisation (64%), forming
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the phenyl-1-buten-3-yn-1-yl radical (C10H7(M)), which subsequently forms
ortho-diethynyl-benzene by hydrogen dissassociation according to the re-
action in Eq. (10.141). A significant portion of the 1-naphthyl radicals
are consumed by ringbreakage to the ortho-phenylacetylene-vinyl radical
(37%), which subsequently decomposes to the ortho-ethynyl-phenyl radical
and acetylene as can be seen in Eq. (10.139). The most significant (48%)
1-naphthyl radical consumption step is addition of acetylene to form ace-
naphthalene:
C10H7(A) + C2H2  *) A2R5 + H (11.57)
Acenaphthalene does not have any oxidation steps in the current mecha-
nism and is consumed at higher temperatures through the reverse direction
of the reaction above, but at a lower rate. The calculated acenaphtha-
lene mole fraction profile is generally lower than measurements, due to the
under-prediction of napthalene. The concentrations of C13H9-isomer rad-
icals are higher compared to their corresponding stable C13H10-isomers,
making interference during measurements likely and the measured C13H10-
profile in Fig. 11.9 is compared against the profiles of the phenalenyl and
benzo[e]indenyl radicals. However, the concentrations of these radicals are
together an order of magnitude lower than measurements. This under-
prediction is probably caused as a result of the naphthalene level discussed
above. The formation of the radicals above starts with the formation of
1-ethynyl-naphthalene and 2-ethynyl-naphthalene through the addition of
the ethynyl radical to naphthalene:
C10H8 +C2H  *) A2C2H(A) + H (11.58)
C10H8 +C2H  *) A2C2H(B) + H (11.59)
Phenalene, cyclopenta[3,2-a]naphthalene and cyclopenta[2,3-a]naphthalene
is subsequently formed through the triplet state carbene addition reactions
in Eqs. (10.54) to (10.56). The phenalenyl and benzo[e]indenyl radicals are
then formed by the hydrogen abstraction reaction in Eqs. (10.32), 10.35)
and 10.36). The radicals are consumed by hydrogen abstraction back to
their stable species, which are consumed by the backward direction of the
triplet state carbene addition reactions shown in Eqs. (10.54) to (10.56).
In Fig. 11.9 measured and calculated concentration profiles of several
211
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Figure 11.9.: Calculated and measured species profiles of the laminar ethylene dif-
fusion flame studied by Olten and Senkan [133]. Solid lines (—) show
calculations, dashed (- -) and dotted (· · ·) lines shows an 100 K
increase and decrease, respectively of the temperature and circles
( ) show measurements. The calculated profiles for both the cy-
clopenta[def]phenanthrenyl radical and cyclopenta[def]phenanthrene
are shown since interference of the radical during measurements is
possible. Observe the logarithmic ordinate scales for the phenan-
threne, pyrene, cyclopenta[def]phenenthrene and the cyclopenta[def]-
phenenthrenyl radical.
PAHs can be seen. The predicted mole fraction level of
1-methyl-naphthalene (C11H10) is lower than the meausured ones. This
is a consequence of the under-prediction of naphthalene. In the calculations
1-methyl-naphthalene is formed by recombination of the 1-naphthyl radical
and the methyl radical (19%):
C11H10  *) C10H7(A) + CH3 (11.60)
Exchange (73%) between 1-methyl-naphthalene and the corresponding
1-naphthylmethyl radical is significant while 1-methyl-naphthalene is con-
sumed at higher temperatures by the reaction in Eq. (11.60) and by hydro-
gen addition induced decomposition into naphthalene and the methyl radical
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(7%). Biphenyl is under-estimated even though the calculated concentration
of benzene is in agreement with measurements. Biphenyl is formed and con-
sumed through the sequence illustrated in Fig. 3.17, which contributes 16%
to the formation of phenanthrene. The other major formation route (21%)
of phenanthrene is the addition of triplet state carbene and the methyl
radical to the benzo[e]indenyl radical forming benzo[e]methylene-indene,
partly shown in Fig. 3.21. Phenanthrene is consumed by hydrogen abstrac-
tion leading to the 1-phenanthrenyl and 4-phenanthrenyl radicals, which
in turn recombine with hydrogen atoms to reform phenanthrene. The
4-phenanthrenyl radical reacts with acetylene to form pyrene (56% with
respect to the consumption of the former and 16% with respect to for-
mation of the latter), which is shown in Fig. 3.18 and is the dominating
formation route of pyrene. Pyrene also has a significant exchange with the
corresponding pyrenyl radical. Both phenanthrene and pyrene are under-
estimated by approximately a factor of 50 and is partly caused by the
low concentration of small PAHs in the formation route. e.g. the under-
prediction of naphthalene, biphenyl and the benzo[e]indenyl radical. The
under-estimation by a factor ⇠50 is interesting since this is approximately
the same factor of disagreement for the ethylene di↵usion flame with 28%
oxygen in the oxidant stream in Chapter 9, showing that the disagree-
ment obtained between calculated and measured soot volume fractions is
likely caused by uncertainties in the inception chemistry. There is a signif-
icant amount of conversion between the cyclopenta[def]phenanthrene and
the cyclopenta[def]phenanthrenyl radical and both have comparable mole
fraction levels due to the resonance stabilisation of the radical. Forma-
tion of the cyclopenta[def]phenanthrenyl radical starts with recombination
of the acenaphthalen-1-yl and acenaphthalen-3-yl radicals with the propar-
gyl radical, forming the 1-propargyl-acenaphthalene (1-A2R5C3H3) and 3-
propargyl-acenaphthalene (3-A2R5C3H3), respectively (68% for both iso-
mers):
A2R5(R1) + C3H3  *) 1-A2R5C3H3 (11.61)
A2R5(R3) + C3H3  *) 3-A2R5C3H3 (11.62)
A hydrogen atom is then added to the triple bond of the C3H3-moeity of
the two isomers, forming the 3-acenaphth-1-yl-prop-1-en-1-yl radical and
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C11H10 A2R5(R1) A2R5(R3)
1-methyl-naphtalene 1-acenaphthyl 1-acenaphthyl
radical radical
1-A2R5C3H3 3-A2R5C3H3 1-A3R5
1-propargyl-naphthalene 3-propargyl-naphthalene 1-hydro-cyclopenta[def]-
phenanthrene
3-A3R5 1-A2R5C3H4(A) 3-A2R5C3H4(A)
3-hydro-cyclopenta[def]- 3-acenaphth-1-yl-prop- 3-acenaphth-3-yl-prop-
phenanthrene 1-en-1-yl radical 1-en-1-yl radical
Figure 11.10.: Species discussed in the text.
the 3-acenaphth-3-yl-prop-1-en-1-yl radical, respectively:
1-A2R5C3H3 +H  *) 1-A2R5C3H4(A) (11.63)
3-A2R5C3H3 +H  *) 3-A2R5C3H4(A) (11.64)
Ring closure leads to 3-hydro-cyclopenta[def]phenanthrene and
1-hydro-cyclopenta[def]phenanthrene, respectively:
1-A2R5C3H4(A)  *) 3-A3R5 + H (11.65)
3-A2R5C3H4(A)  *) 1-A3R5 + H (11.66)
3-hydro-cyclopenta[def]phenantrene and 1-hydro-cyclopenta[def]phenantrene
then undergo hydrogen dissassociation to from the
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cyclopenta[def]phenanthrenyl radical:
A3R5(R) + H  *) 3-A3R5 (11.67)
A3R5(R) + H  *) 1-A3R5 (11.68)
However, the formation route of cyclopenta[def]phenanthrene and the
cyclopenta[def]phenanthrenyl radical of the current calculations involve many
estimated reaction rate constants and the result should be looked upon
as qualitative. The formation of cyclopenta[def]phenanthrene and the cy-
clopenta[def]phenanthrenyl radical in the premixed benzene flame in Chap-
ter 10 involved addition of triplet state carbene to phenanthrene. Since
the phenanthrene concentration is under-predicted in the current flame this
route is not significant and may explain the under-prediction of
cyclopenta[def]phenanthrene and the cyclopenta[def]phenanthrenyl radical.
Addition of triplet state carbene to the cyclopenta[def]phenanthrenyl rad-
ical was also found to be an important formation route of pyrene in the
premixed benzene flame and this route may, at concentrations matching
measurements, also contribute to pyrene formation in the current flame.
In this chapter a ethylene counter-flow di↵usion flame has been studied
computationally in order to evaluate the current mechanisms ability to pre-
dict the formation of PAH species due to the encountered under-prediction
of the soot volume fraction in similar flames. Besides a positional disagree-
ment, the calculated mole fraction profiles of major and minor non-aromatic
species were in reasonable (i.e. in comparison to measurement uncertain-
ties) to good agreement with measurements. However, mole fraction profile
measurements of water and oxygen are suspected to be errenous due to
mole fraction levels twice as high as is possible for stoichiometric mixture
in the former case and that the profile of oxygen suggest consumption of
oxygen without any formation of water or carbon dioxide at corresponding
locations. For single-ring aromatic species, including substituted benzene
compounds, the agreement were also reasonable to good. The mole frac-
tion levels of PAHs were under-predicted, except for indene and the indenyl
radical, and the disagreement with measurements increased with increasing
molecular weight. The primary cause of this disagreement is that naphtha-
lene is under-predicted, which causes the rates of several formation paths
to larger PAH to be under-estimated. The conclusion is that there is a ma-
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jor uncertainty regarding the formation of PAH species in di↵usion flames.
The under-prediction of PAH levels is a likely root cause for the under-
prediction of the soot volume fraction in similar di↵usion flames, due to
a too low inception rate. In order too improve the prediction of the soot
model in laminar di↵usion flames, further research about PAH formation is
required.
11.4. The sensitivity of the sectional soot model
to the chemical mechanisms
In this section the sensitivity of the sectional soot model to the changes of
the reaction mechanism made in this and the previous chapter is presented
for the systems investigated in Chapters 7 and 9. During the completion
of the thesis an interpretation error that a↵ected four chemical reactions,
including Eq. (11.41), was noticed. The resulting correction reduced soot
volume fractions by 30-50%. The results shown below refer to results ob-
tained following corrections. It must, however, be noted that the appended
mechanism has a larger impact than the discussed error. In Fig. 11.11 calcu-
lated soot volume fraction profiles for the flames of Vandsburger et al. [113]
can be seen with and without the changes to the chemical mechanism. The
chemical mechanism used in the present chapter leads to a higher rate of
soot formation, especially in the cases with lowest oxygen content in the
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Figure 11.11.: Calculated (lines) and measured (circles, shifted 0.5 mm away from
the burner) [113] soot volume fraction profiles for laminar counter-
flow di↵usion flames with varying concentration of oxygen in the
oxidant stream. The solid lines (—) are calculations made using the
sectional model setup as in chapter 7 and the dashed lines (- -) are
calculations using the chemical mechanism in the current chapter.
Distances are from the burner surface and the fuel is ethylene.
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oxidant stream. In Fig. 11.12 calculated soot PSDs for the flames of Abid
et al. [21, 57] are shown using the mechanism in the current chapter. In
the premixed ethylene flames more soot is formed in the simulations using
the changed mechanism. In this case, the agreement with measurements
become worse. However, the uncertainty regarding the surface growth [72]
can have an equal impact on the soot PSD, which is shown in Fig. 11.12
through the calculations where the surface growth parameter ↵s have been
reduced by 50%. Comparing the case with reduced surface growth rate and
the modified reaction mechanism with the original calculations, it can be
seen that the PSDs di↵er mostly for small particles where no measurements
are currently available. The increase of the calculated amount of soot in
both the premixed and the di↵usion flames when using the modified mech-
anism, are due to higher pyrene concentration making the inception rate
higher while the acetylene concentration is not significantly a↵ected. The
calculations on soot and PAH formation in this chapter show that further
studies on aromatic formation in flames are required while feedback from
soot formation simulations are simultaneously needed in order to asses the
impact of the flame chemistry on the results of the soot models. It is espe-
cially important to confirm wether PAH formation with the present reaction
mechanism in premixed ethylene flames is reasonable in order to determine
the balance between inception, surface growth and oxidation.
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Figure 11.12.: Measured and calculated soot PSDs for flame set C3. Measured
soot PSDs are shown with open circles ( ) [57] and dots (•) [21].
Soot PSDs calculated using the sectional model setup as in chapter
7 are shown with solid lines (—) and soot PSDs calculated using the
chemical mechanism in the current chapter are shown with dashed
lines (- -) and with the surface growth parameter ↵s reduced by 50%
are shown with dash dotted lines (  · ).
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12. Conclusions and future work
12.1. Conclusions
The present work has the objectives of modelling soot formation in laminar
flames and reactor systems as well as the growth of aromatic soot precursors.
A sectional soot model [22, 27] has been described and applied to laminar
premixed flames, laminar di↵usion flames and a JSR/PFR-system for com-
parison with measurements. The sectional soot model is coupled to a chem-
ical reaction mechanism, which was assessed following under-predictions of
the soot volume fraction in laminar di↵usion flames. The calculated and
measured species were compared for a laminar premixed benzene flame and
a laminar ethylene di↵usion flame and improvements of certain rate con-
stants were suggested. It was found that the chemical reaction mechanism
predicts PAH formation in the premixed benzene flame reasonably, i.e. the
agreement between calculated and measured maximum levels of important
fused aromatic compounds such as naphthalene, phenanthrene and pyrene
is comparable to the measurement uncertainty. However, for the laminar
ethylene di↵usion flame the levels of important PAH species were under-
predicted. The latter was therefore identified as a likely reason for the
under-estimation of the soot volume fraction in laminar di↵usion flames
due to an insu cient inception rate. The main conclusion of the present
work is therefore that the main uncertainty of the sectional soot model is
the theory regarding inception chemistry and that future modelling e↵orts
should be focused on the growth and oxidation of aromatic species over a
wide range of conditions. Below, further conclusions regarding modelling
of soot and aromatic species formation for each system in the present work
can be found.
The sectional soot model was applied [22] to five premixed laminar ethy-
lene stagnation flow flames [21, 57, 58] for which measured soot PSDs were
available. Flow stagnation in the vicinity of the sampling probe is caus-
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ing the residence time to become relatively long, with the collisions of soot
particles still being significant, while the reduced temperature causes the
nucleation rate to become comparatively low. Hence, the measured PSDs
are sensitive to the coagulation collision e ciency for smaller (< 10 nm) soot
particles and the flames are particularly useful for exploring this aspect [22].
In the current work, a review of the literature on the role of intermolecu-
lar forces on polycyclic aromatic hydrocarbon (PAH) dimerisation and soot
particle coagulation is presented. Lindstedt and Waldheim [22] introduced
a model for the collision e ciency of coagulation that was based on a soot
particle size dependent interpolation between a lower limit derived from
the Lennard-Jones potential and an upper limit involving collisional sta-
bilisation by the surrounding gas. The decreasing collision e ciency with
decreasing soot particle size does explain the high number densities of small
particles in the vicinity of the probe. By contrast, a constant (unity) col-
lision e ciency does cause excessive depletion. The local minima in the
measured PSDs move to smaller particle sizes when the flame temperature
increases and a possible explanation is that the rate of internal carboni-
sation increases, resulting in a changed polarisability that strengthens the
attractive forces between particles and cause, in combination with friction,
an earlier transition to the upper limit collision e ciency. The e↵ect was
taken into account and calculated soot PSDs were found to agree reason-
ably well with measurements [22]. Oxidation of soot by molecular oxygen
is important in the current flames and an oxidation model based on an
analogy with the chemistry of naphthalene was introduced [22] and it has
later been confirmed experimentally that oxidation rates of particles in the
current flames are higher than for carbon black [86]
The sensitivity of a sectional soot model to RTDs in a JSR and to the
inception chemistry is also investigated in the current work. Reasonable
agreement was obtained in the JSR at   = 2.0 with a wider distribution
of residence times leading to the formation of larger particles. Nucleation
through acetylene based surface growth of phenalene (C13H10), phenan-
threne (C14H10) and three isomers of cyclopenta[def]phenanthrene (C15H10)
lead to the formation of larger particles and higher concentrations for all
size classes. Results in the PFR gave reasonable agreement with measure-
ments and PSDs showed the same behaviour as in the JSR with respect
to performed sensitivity analysis. During non-sooting conditions (  = 1.8)
220
the model still predicts significant amounts of soot. Possible reasons in-
clude uncertainties in the current PAH chemistry model and in the surface
growth and oxidation model. Simulations of injection of a naphthalene and
methanol mixture into the system led to a response to changes of the dosage,
but the predicted particles were too large. The model predicted, in com-
parison to experimental data, either too large or too small particles when
benzene injection into the system was simulated. In both the benzene and
the naphthalene injection cases, the response of the model to the dosage was
less than experimentally observed. The acetylene surface growth model was
replaced as a sensitivity study by a model where aromatic species reacted
with the soot surface. This led to an improved and reasonable agreement,
especially with respect to the response to the dosage level. The conclusion
is that the reaction mechanism for formation and oxidation of PAHs and
models for surface growth and oxidation need to be further studied.
Soot formation in laminar counter flow ethylene and propane di↵usion
flames with varying degree of oxygen content in the oxidant stream [113]
have been simulated in the present study. However, calculations under-
predicted the amount of soot formed, especially at lower oxygen concen-
trations in the oxidant stream (i.e. lower temperatures). The sensitivity of
the model with respect to both model and experimental uncertainties was
investigated. The conclusion from the sensitivity analysis is that no reason-
able changes in the model and experimental parameters can alone explain
the disagreement. Reasonable changes (±100 K) of the temperature gave in
some cases order of magnitude responses in the soot volume fraction and can
partially explain the disagreement. The model aspect with one of the high-
est uncertainties is the inception rate, which could not fully be investigated
due to lack of measurements of concentration levels of aromatic species for
the current flame, and were therefore concluded to be a possible cause of
the disagreement.
The under-prediction of the soot volume fraction in laminar ethylene dif-
fusion flames by the model prompted an examination of the current chemical
reaction mechanism with the focus on formation of PAH. A premixed near-
sooting low pressure benzene flame flame was first investigated. The rate
constants of some of the reactions were reviewed, including finding suitable
values at the current pressure, and some new reactions were added. Cal-
culated species profiles were overall in reasonable agreement with measure-
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ments considering measurement uncertainties. However, a few exceptions
were noted, e.g. the over-prediction of the propargyl radical and biphenyl.
Overall reasonable agreement for aromatic species were obtained, but some
PAHs, e.g. the phenalenyl radical and pyrene were found to have insu -
cient oxidation steps by comparing the decay of the calculated and measured
profiles. This uncertainty in the oxidation rate may be the cause of the over-
prediction by the soot model of the amount of soot formed below the sooting
limit in the reactor system above. It was found that an important aromatic
growth path is the addition of singlet and triplet state carbene, either by
causing ring closure or expanding a ring (i.e. making a C5-ring become a
C6-ring). However, the suggested new reaction rate constants and reactions
need to be assessed in a wider range of systems in order to confirm if they
are reasonable in a wider context.
Due to the similarities with the counterflow di↵usion flames of Vands-
burger et al. [113], a laminar ethylene counterflow di↵usion flame for which
measured mole fraction profiles were available [133] was studied after the
premixed benzene flame. The modifications of the reaction mechanism were
retained with the exception of pressure dependent rate constants. The com-
putational result for minor and major non-aromatic species were found to
agree reasonable to good with measurements. The agreement was reason-
able for single ring aromatic species including substituted compounds. How-
ever, PAH species concentrations were throughout under-estimated com-
pared to measurements. The concentration of pyrene was under-estimated
by a factor ⇠ 50, which is comparable to the factor of under-estimation of
the soot volume fraction obtained for some of the flames of Vandsburger
et al. [113]. A likely cause of the disagreement between calculation and
measurements of the soot volume fraction in the flames of Vandsburger et
al. [113] is thus the uncertainty of the PAH chemistry leading to a too low
inception rate. Further investigations of aromatic chemistry in flames are
thus important. The modified mechanism was appplied to the flames of
Vandsburger et al. [113] and Abid et al. [21, 57], which resulted in increase
of soot formed due to higher concentrations of pyrene. However, the cur-
rent concentration levels of pyrene in premixed ethylene flames must be
confirmed in order to determine the balance between inception and surface
growth.
The overall conclusion of the present work is that future modelling of
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soot formation and oxidation may be possible with reasonable accuracy in
practical combustion devices, e.g. diesel engines, but uncertainties regarding
foremost the inception chemistry and also the surface growth and oxidation
must be removed.
12.2. Future work
The main recommendation for future work is to study, both computationally
and experimentally, the formation and oxidation of PAH in di↵erent types
of flames and using di↵erent fuels. This is since further soot modelling re-
search depends on having a good understanding of the PAH chemistry in
a variety of systems, as identified in the present work. Experimental work
may include species measurements in flames to provide data for model devel-
opment but also to understand changes in concentration levels of PAH when
varying flame type, e.g. premixed, non-premixed and variation in-between,
and fuel, e.g. aliphatic, aromatic and substituted aromatic. Sub-variations
in temperature and pressure is also desirable. Modelling work may include
identifying conditions where the model result is in disagreement with mea-
surements, identify important formation and oxidation paths and determine
rate constants for those using ab initio methods and, when existing path-
ways are not su cient to explain results, find new possible pathways using
ab initio methods. Finding new possible pathways may be the most chal-
lenging task, but will certainly be required since uncertainties in existing
pathways is probably not enough to explain some of the cases of disagree-
ment encountered in the present work. The finding in the current work that
possible aromatic growth steps involving singlet and triplet state carbene
are important should also be studied further using ab initio methods.
A soot model that can be applied to diesel combustion (or any other soot
relevant commercial combustion device) for product development purposes
must have a reasonable computational cost in comparison to the lead time
and cost of corresponding testing procedures. The current sectional model
have been applied to reactor systems and laminar flames for which its level of
detail, e.g. size of chemical mechanism and number of soot sections, requires
reasonable computational resources such as a desktop computer. In a diesel
combustion configuration the number of cells will be much higher due to the
relatively complex three-dimensional geometry. In order to account for tur-
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bulence chemistry interactions, the probability density function of species
concentrations must be solved for [137]. This may involve having a large
number (  100 [48]) of representative particles for each cell. Since conserva-
tion equations for all species are iterated for each representative particle, the
computational requirements will become very high. In order to make such
simulations viable with a sectional soot model, the chemical reaction mech-
anism in the current work must be simplified. Since the number of sections
used in the current work (42 to 62) is less than the number of species (357)
the reaction mechanism should have primary attention of simplifications.
However, simplifications of the chemical mechanism must be done when an
understanding of PAH formation and oxidation at the practical conditions
has been obtained. When the number of chemical species becomes compa-
rable to the number of sections, the trade-o↵ between computational cost
and numerical accuracy with respect to the number of sections should be
investigated. Furthermore, while the current mechanism include formation
and oxidation pathways for aromatic species that may be included in a sur-
rogate diesel fuel, oxidation of higher alkanes must be added. If the full
size-dependent aerosol dynamics is not required to be solved for, simplified
methods can be used in order to reduce the computational cost, e.g. method
of moments with interpolative closure [47,48] and solving for the total mass
and number density of particles [114]. In order to reduce the chemical reac-
tion mechanism, empirical relationships of the inception rate can be used,
e.g. linearly dependent on the acetylene concentration [48, 114]). However,
this approach narrows the conditions a particular soot model can be used
for and removes the time scale of aromatic formation.
As has been shown in the present work, the oxidation and surface growth
of soot are important and will vary with the time history of the particles [86],
which is of importance for practical applications including regeneration of
automotive particle filters. Thus further research on surface growth and
oxidation as well as the change of the soot particle surface is desirable.
Further research on how the carbonisation process influence intermolec-
ular forces and how this interacts with friction could lead to a more refined
model of the transition between the upper and lower limit coagulation col-
lision e ciency models. A study of dynamic collisions between particles
would also be interesting, since it would give an indication of the velocity
distribution of reflected particles.
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Table A.2.: The structure of species included in the mechanism and not already
shown in Tab. A.1 above. The material have been taken from the
Ph.D. thesis of Markaki [31].
Acronym Structure Acronym Structure
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Table B.1 
Species Structure and Thermodynamic Data 
Acrony  Str cture ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
H2 H2 0.00 130.67 [71] 
O2 O2 0.00 205.14 [71] 
H H 217.99 114.71 [71] 
OH OH 37.30 183.73 [71] 
O H 249.19 160.94 [71] 
H2O H2O -241.81 188.82 [71] 
HO2 HO O    12.55 229.09 [71] 
H2O2 HO OH  -135.87 234.53 [71] 
CH4 CH4 -74.60 186.36 [71] 
CH3 CH3 145.69 194.04 [71] 
CH2(S) C1H2 428.78 189.21 [71] 
CH2(T) C3H2 391.18 194.41 [71] 
CH CH 595.77 183.03 [71] 
C1 C 716.63 158.09 [71] 
CO C O  -110.52 197.65 [71] 
CO2 O OC  -393.49 213.77 [71] 
CH2O CH2 O  -108.57 218.75 [218] 
CHO CH   O  42.30 224.27 [71] 
CH2OH CH2
  OH  -17.00 244.16 [71] 
CH3OH CH3 OH  -200.99 240.64 [71] 
CH3O CH3 O
  
 21.00 234.27 [71] 
CH3OO CH3 O
O  
 
9.00 269.64 [71] 
CH3OOH CH3 O
OH
 
-126.73 275.89 [71] 
C2 C2 824.30 197.09 [71] 
C2O O  C   291.02 233.61 [71] 
C2H HC   569.10 213.29 [71] 
C2H2 CH CH  228.19 200.90 [71] 
H2C2 C  CH2  414.76 221.01 [71] 
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Acronym Structur  ∆fH298 kJ/mol 
S298 
J/mol/K Referenc  
H2 H2 0.00 130.67 [71] 
O2 O2 0.00 205.14 [71] 
H H 217.99 114.71 [71] 
OH OH 37.30 183.73 [71] 
O H 249.19 160.94 [71] 
H2O H2O -241.81 188.82 [71] 
HO2 HO O    12.55 229.09 [71] 
H2O  HO OH  -135.87 234.53 [71] 
CH4 CH4 -74.60 186.36 [71] 
CH3 CH3 145.69 194.04 [71] 
CH2(S) C1H2 428.78 189.21 [71] 
CH2(T) C3H2 391.18 194.41 [71] 
CH CH 59 .77 183.03 [71] 
C1 C 716.63 158.09 [71] 
CO C O  -110.52 197.65 [71] 
CO2 O OC  -39 .49 213.77 [71] 
CH2O CH2 O  -108.57 218.75 [218] 
CHO CH   O  42.30 224.27 [71] 
CH2OH CH2
  OH  -17.00 244.16 [71] 
CH3OH CH3 OH  -200.99 240.64 [71] 
CH3O CH3 O
  
 21.00 234.27 [71] 
CH3OO CH3 O
O  
 
9.00 269.64 [71] 
CH3OOH CH3 O
OH
 
-126.73 275.89 [71] 
C2 C2 824.30 197.09 [71] 
C2O O  C   291.02 233.61 [71] 
C2H HC   569.10 213.29 [71] 
C2H  CH CH  228.19 200.90 [71] 
H2C  C  CH2  41 .76 221.01 [71] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C2HO OCH    178.26 249.24 [15] 
C2H2O OCH2  -47.70 241.88 [71] 
C2H3 CH2CH
  
 296.56 233.65 [71] 
CH3CHO CH3 CH
O
 
-165.13 265.42 [15] 
CH3CO CH3 C  
O
 
-10.30 267.43 [71] 
CH2CHO CH2   CH
O
 
25.34 268.96 [71] 
C2H4 CH2 CH2  52.50 219.31 [71] 
C2H5 CH2
  CH3  118.65 247.10 [71] 
C2H6 CH3 CH3  -83.85 229.21 [71] 
CHCH2O CH   CH2
O
 
12.79 259.61 [15] 
C2H4O CH2CH2
O
 
-52.63 242.86 [71] 
C2H4OOH 
CH3
C
H
  O OH
 
28.80 324.79 [71] 
C2H5O CH3
C
H2
O   
-13.60 277.63 [71] 
C H5OO 
CH3
C
H2
O
O  
 
-28.70 299.97 [71] 
C2H5OOH 
CH3
CH2
O
OH  
-162.23 324.50 [15] 
C3H CH  719.35 247.78 [71] 
C3H2 CH2
 
476.95 236.19 [71] 
C3H2L CH CH   601.30 248.32 [15] 
C3H3 CH2   CH  345.98 256.64 [71] 
C3H4(A) CH2 CH2  190.91 243.42 [71] 
C3H4(P) CH3 CH  185.42 248.28 [71] 
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Acrony  Structure ∆fH298 kJ/ ol 
S298 
J/ ol/K Reference 
C2H  CH   178.26 249.24 [15] 
C2H2  CH2  -47.70 241.88 [71] 
C2H3 CH2CH
 
 296.56 233.65 [71] 
CH3CH  CH3 CH  
-165.13 265.42 [15] 
CH3C  CH3 C  
-10.30 267.43 [71] 
CH2CH  CH2  CH  
25.34 268.96 [71] 
C2H4 CH2 CH2  52.50 219.31 [71] 
C2H5 CH2
 CH3  118.65 247.10 [71] 
C2H6 CH3 CH3  -83.85 229.21 [71] 
CHCH2  CH  CH2  
12.79 259.61 [15] 
C2H4  CH2CH2  
-52.63 242.86 [71] 
C2H4 H 
CH3
C
H
 H
 
28.80 324.79 [71] 
C2H5  CH3
C
H2
 
 
-13.60 277.63 [71] 
C2H5  
CH3
C
H2
 
 
-28.70 299.97 [71] 
C2H5 H 
CH3
CH2 H  
-162.23 324.50 [15] 
C3H CH  719.35 247.78 [71] 
C3H2 CH2
 
476.95 236.19 [71] 
C3H2L CH CH  601.30 248.32 [15] 
C3H3 CH2  CH  345.98 256.64 [71] 
C3H4(A) CH2 CH2  190.91 243.42 [71] 
C3H4(P) CH3 CH  185.42 248.28 [71] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C3H4(B) 
CH
CH2
CH  
277.08 243.59 
 
 
[71] 
 
C3H5(A) 
 
167.79 258.98 [15] 
C3H5(S) CH3
C
H
CH   
265.52 271.29 [71] 
C3H5(T) CH2
C  
CH3  
250.67 276.03 [15] 
C3H5(B) 
CH2
C
H  
CH2  
279.89 251.47 [71] 
C3H6(B) 
CH2 CH2
C
H2
 
56.20 237.89 [15] 
C3H6 CH2
C
H
CH3  
20.00 266.65 [71] 
C3H7(N) 
CH3
C
H2
CH2    
101.31 290.44 [71] 
C3H7(I) CH3 CH
  
CH3
 
90.18 289.49 [15] 
C3H8 
CH3
C
H2
CH3  
-104.47 273.62 [15] 
C3H2O CH C
H
O
 
128.67 277.37 [15] 
C3H3O O
C  
C
H
CH2
 
88.53 300.64 [71] 
C3H4O CH2
C
H
C
H
O
 
-68.06 297.01 [71] 
H 2C CH 2
H
C
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Ref r nce 
C3H4(B) 
CH
CH2
CH  
277.08 243.59 
 
 
[71] 
 
C3H5(A) 
 
167. 9 258.98 [15] 
C3H5(S) CH3
C
H
CH   
265. 2 271.29 [71] 
C3H5(T) CH2
C  
CH3  
250.67 276.03 [15] 
C3H5(B) 
CH2
C
H  
CH2  
279.89 251.47 [71] 
C3H6(B) 
CH2 CH2
C
H2
 
56.20 237.89 [15] 
C3H6 CH2
C
H
CH3  
20. 0 266. 5 [71] 
C3H7(N) 
CH3
C
H2
CH2    
101.31 290.44 [71] 
C3H7(I) CH3 CH
  
CH3
 
90.18 289.49 [15] 
C3H8 
CH3
C
H2
CH3  
-104. 7 273.62 [15] 
C3H2O CH C
H
O
 
128.67 277.37 [15] 
C3H3O O
C  
C
H
CH2
 
88.53 300.64 [71] 
C3H4O CH2
C
H
C
H
O
 
-68.06 297.01 [71] 
H 2C CH 2
H
C
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C3H5O 
C
H2
C
H2
C
H
O  
 
71.85 281.76 [15] 
PC3H5O CH3 CH2
C  O
 
-32.83 314.27 [71] 
TC3H5O CH2   CH2
C
H
O
 
21.78 321.38 [15] 
AC3H5O 
CH2   CH3
O
 
-33.34 307.50 [71] 
C3H6O 
C
H2
C
H2
C
H
OH
 
-101.50 277.44 [71] 
AC3H6O 
CH3 CH3
O
 
-219.94 297.33 [15] 
PC3H6O CH3 CH2
C
H
O
 
-185.12 311.53 [15] 
C3H7O(I) 
CH3
C
H CH3
O  
 
-47.73 306.81 [15] 
C3H7O(N) CH3
C
H2
C
H2
O  
 
-37.91 324.76 [15] 
C3H6OH CH3
C
H  
C
H2
OH
 
-55.22 343.23 [15] 
C3H7OOH(I) CH3 CH
CH3
O OH
 
-200.68 352.43 [15]  
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Acrony  Structure ∆fH298 kJ/ ol 
S298 
J/ ol/K Reference 
C3H5  
C
H2
C
H2
C
H  
 
71.85 281.76 [15] 
PC3H5  CH3 CH2
C 
 
-32.83 314.27 [71] 
TC3H5  CH2  CH2
C
H
 
21.78 321.38 [15] 
AC3H5  
CH2  CH3  
-33.34 307.50 [71] 
C3H6  
C
H2
C
H2
C
H
H
 
-101.50 277.44 [71] 
AC3H6  
CH3 CH3  
-219.94 297.33 [15] 
PC3H6  CH3 CH2
C
H
 
-185.12 311.53 [15] 
C3H7 (I) 
CH3
C
H CH3
 
 
-47.73 306.81 [15] 
C3H7 (N) CH3
C
H2
C
H2
 
 
-37.91 324.76 [15] 
C3H6 H CH3
C
H 
C
H2
H
 
-55.22 343.23 [15] 
C3H7 H(I) CH3 CH
CH3
H
 
-200.68 352.43 [15]  
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C3H7OOH(N) 
CH3 C
H2
C
H2
O OH
 
-181.90 371.12 [15] 
C3H7OO(I) CH3 CH
O O  
CH3  
-63.89 350.32 [15] 
C3H7OO(N) 
CH3 C
H2
C
H2
O O  
 
-42.43 365.55 [15] 
C3H6OOH CH3
C
H
  
C
H2
O
OH
 
16.38 391.26 [15] 
C4H CH C   815.76 264.53 [15] 
C4H2 CH CH  458.27 249.60 [71] 
C4H3(N) 
CH   
C
H
CH
 
543.50 284.36 [15] 
C4H3(I) 
CH2
C  CH  
501.80 305.35 [71] 
C4H4 
CH2
C
H
CH
 
287.84 277.30 [71] 
C4H5(S) 
CH2 CH
C
H
C
H
CH2   
315.23 286.22 [15] 
C4H5(T) CH2 C
H
C
H
CH  
 
363.32 303.57 [71] 
C4H5(I) CH2
C
H
C  CH2  
315.20 290.10 [71] 
C4H6(S) 
CH3
C
H
CH2
 
161.30 290.98 [71] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C3H7OOH(N) 
CH3 C
H2
C
H2
O OH
 
- 81.90 371.12 [15] 
C3H7OO(I) CH3 CH
O O  
CH3  
-63.89 350.32 [15] 
C3H7OO(N) 
CH3 C
H2
C
H2
O O  
 
-42.43 365.55 [15] 
C3H6OOH CH3
C
H
  
C
H2
O
OH
 
16.38 391.26 [15] 
C4H CH C   815.76 264.53 [15] 
C4H2 CH CH  458.27 249.60 [71] 
C4H3(N) 
CH   
C
H
CH
 
543.50 284.36 [15] 
C4H3(I) 
CH2
C  CH  
501.80 305.35 [71] 
C H4 
CH2
C
H
CH
 
287.84 277.30 [71] 
C4H5(S) 
CH2 CH
C
H
C
H
CH2   
315.23 286.22 [15] 
C4H5(T) CH2 C
H
C
H
CH  
 
63.32 03.57 [71] 
C4H5(I) CH2
C
H
C  CH2  
315.20 290.10 [71] 
C4H6(S) 
CH3
C
H
CH2
 
61.30 290.98 [71] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C4H6(T) CH2 C
H
C
H
CH2
 
110.83 293.31 [71] 
C4H6(F) 
CH3
C
H2
CH
 
165.91 291.69 [15] 
C4H6(B) 
C
H
C
H
C
H
CH3
 
255.04 285.28 [15] 
C4H6(M) 
 
 
CH3CH3  
 
 
146.31 291.89 [71] 
C4H7(I) 
 
135.63 301.70 [15] 
C4H7(N) 
CH2   
C
H2
C
H
CH2
 
204.58 317.33 [71] 
C4H7(S) 
 
136.32 304.16 [15] 
C4H8(I) 
CH3 CH3
CH2
 
-16.17 297.72 [15] 
C4H8(N) CH2 CH
C
H2
CH3
 
0.42 313.98 [15] 
C4H8(S) CH3 CH
C
H
CH3
 
-10.48 301.07 [15] 
C4H9(I) 
CH3
C
HCH2   
CH3
 
73.78 304.64 [71] 
C H 3 C H 
C H C H 2 
 H  
H 2 C C H 2 
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Acrony  Structure ∆fH298 kJ/ ol 
S298 
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C
H
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H
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CH2
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C4H8(N) CH2 CH
C
H2
CH3
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C
H
CH3
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C4H9(T) 
CH3
C  
CH3
CH3
 
55.04 322.37 [71] 
C4H9(N) CH2   
C
H2
C
H2
CH3
 
81.80 307.61 [71] 
C4H9(S) CH3
C
H  
C
H2
CH3
 
70.22 321.63 [71] 
C4H10(N) 
CH3
C
H2
C
H2
CH3
 
-125.49 317.94 [15] 
C4H10(I) 
CH3
C
HCH3
CH3
 
-134.98 295.48 [71] 
C4H2O O CH2  216.65 292.39 [15] 
C4H4O CH
CH CH2
O
 
41.80 285.52 [15] 
XC4H5O CH3 CH
  
C
H
O
 
67.55 328.19 [15] 
YC4H5O CH2
C
H
C
H
  
C
H
O
 
35.07 311.37 [15] 
BC4H6O CH3
C
H
C
H
C
H
O
 
-105.21 305.99 [15] 
AC4H6O 
C
H2
O
C
H
C
H
CH2  
9.40 310.72 [15] 
274     Appendix B 
 
Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C4H9(T) 
CH3
C  
CH3
CH3
 
55.04 322.37 [71] 
C4H9(N) CH2   
C
H2
C
H2
CH3
 
81.80 307.61 [71] 
C4H9(S) CH3
C
H  
C
H2
CH3
 
70.22 321.63 [71] 
C4H10(N) 
CH3
C
H2
C
H2
CH3
 
-125.49 317.94 [15] 
C4H10(I) 
CH3
C
HCH3
CH3
 
-134.98 295.48 [71] 
C4H2O O CH2  216.65 92.39 [15] 
C H4O CH
CH CH2
O
 
41.80 285.52 [15] 
XC4H5O CH3 CH
  
C
H
O
 
67.55 328.19 [15] 
YC4H5O CH2
C
H
C
H
  
C
H
O
 
35.07 311.37 [15] 
BC4H6O CH3
C
H
C
H
C
H
O
 
-105.21 305.99 [15] 
AC4H6O 
C
H2
O
C
H
C
H
CH2  
9.40 310.72 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C4H7O(X) 
CH3 CH2
O  
CH2
 
55.78 341.89 [15] 
C4H7O(M) 
CH3
CH
C
H
  OH
CH3
 
-58.85 348.45 [15] 
C4H8O(X) CH2 CH3
CH3
O  
-139.28 317.03 [15] 
C4H8O(M) CH CH
OCH3
CH3  
-215.68 338.68 [15] 
C4H8OH(I) CH C
H2
CH3
CH2   OH  
-77.91 366.98 [15] 
O2C4H9O OH C
H2
C
H2
C
H2
O
O  
 
-223.55 425.07 [15] 
C5H C=C=C=C=CH 778.23 260.40 [71] 
C5H2 CH=C=C=C=CH 691.37 266.62 [71] 
C5H3(L) CH≡C-CH-C≡CH 560.97 295.18 [71] 
C5H4(L) CH2=C=CH=C≡CH 427.00 304.10 [15] 
C5H5 
 
266.09 279.47 [71] 
C5H5(L) CH2=C=CH=CH=CH 396.48 307.44 [71] 
C5H6(L) CH3
C
H
CH2  
247.12 316.15 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C4H7O(X) 
CH3 CH2
O  
CH2
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CH
C
H
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CH3
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O2C4H9O OH C
H2
C
H2
C
H2
O
O  
 
-223.55 425.07 [15] 
C5H =CH 778.23 260.40 [71] 
C5H2 CH =CH 691.37 266.62 [71] 
C5H3(L) CH≡ -CH- ≡CH 560.97 295.18 [71] 
C5H4(L) CH2=C=CH=C≡CH 427.00 304.10 [15] 
C H5 
 
266.09 279.47 [71] 
C H5(L) CH2=C=CH=CH=CH 396.48 307.44 [71] 
C5H6(L) CH3
C
H
CH2  
247.12 316.15 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C5H6 
C
H2
 
136.39 275.05 [15] 
C5H7(I) 
CH2 CH
CH2
CH2   
 
316.29 341.67 [15] 
C5H7 CH
  
C
H2
CH
C
H
C
H2  
172.65 292.49 [15] 
C5H7(L) CH2   
C
H
C
H
C
H
CH2
 
221.74 312.11 [128] 
C5H8 CH2
C
H2
CH
C
H
C
H2  
37.33 292.45 [15] 
C5H8(I) 
CH2 CH
CH2
CH3
 
87.84 321.42 [15] 
C5H9 CH3CH2CHCHCH2 170.80 357.26 [219] 
C5H9(A) 
CH2 CH
  
CH3
CH3
 
110.45 345.06 [15] 
C5H9(B) 
CH2 CH2
CH3
CH2   
 
120.98 340.03 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C5H10(A) 
CH2 CH2
CH3
CH3
 
-33.91 345.94 [15] 
C5H10(B) 
CH3 CH
CH3
CH3
 
-39.79 337.91 [15] 
C5H11(T) 
CH3
C  
C
H2
CH3
CH3
 
36.75 375.81 [15] 
1C5H11 CH3-3(CH2)CH2 45.28 374.97 [220] 
1C5H10 CH2CH-2(CH2)CH3 -21.73 345.24 [220] 
C5H4OH 
C  
OH
 
90.83 309.17 [15] 
C5H4O 
O
 
54.75 291.42 [15] 
C5H5O O  
 
103.29 307.79 [71] 
C5H5OO 
C
H
O O  
 
215.59 352.45 [15] 
C5H5OH 
OH
 
-8.14 309.39 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C6H2 CH
CH
 
700.78 299.17 [73] 
C6H3 CH C  
C
H
CH
 
752.48 352.48 [15] 
C6H4 
CH
CH CH
CH
 
461.11 283.22 [71] 
C6H4L CH C
H
C
H
CH
 
523.17 325.85 [15] 
C6H5(A) CH C
H
  
C
H2
CH
 
576.05 363.46 [15] 
C6H5(B) CH=C-CH=CH-CH=CH 605.93 342.09 [15] 
C6H5 
C  
 
345.44 290.01 [15] 
C6H6(A) CH C
H2
C
H2
CH
 
417.44 348.66 [15] 
C6H6(B) CH2 CH
C
H2
CH
 
416.49 354.17 [15] 
C6H6(D) CH2
C
H
C
H
C
H
CH
 
343.51 336.18 [15] 
C6H6(S) CH2 CH
C
H
CH2
 
396.28 337.90 [15] 
C6H6(F) 
CH2
 
216.34 294.74 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C6H6(M) 
CH2 CH2
 
339.99 305.15 [15] 
C6H6 
 
85.13 270.20 [15] 
C6H7 
C  
 
210.86 302.72 [15] 
C6H7(L) CH2=CH-CH=CH-CH=CH 428.53 346.54 [15] 
C5H4CH3 C  CH3
 
219.37 324.56 [15] 
C6H8 
 
109.16 299.54 [15] 
C5H5CH3 CH3
 
112.16 312.62 [15] 
C6H11 CH2
C
H
C
H2
C
H2
C
H2
CH2  
 
142.25 394.95 [221] 
1C6H12 CH2
C
H
C
H2
C
H2
C
H2
CH3
 
-41.69 384.80 [221] 
1C6H13 CH3
C
H2
C
H2
C
H2
C
H2
CH2  
 
25.10 407.63 [126] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C6H5OOH 
O OH
 
-2.61 355.43 [15] 
C7H5 C  CH
 
476.46 326.03 [15] 
C7H6 CH
 
367.33 357.35 [71] 
C6H5C 
 
616.44 328.29 [15] 
C6H5CH 
CH:
 
474.03 320.41 [15] 
C7H7 
CH2
•
 
215.28 318.42 [15] 
C7H7L C  CH2
 
453.53 350.43 [15] 
C7H7P C  CH2
 
314.52 321.27 [15] 
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J/mol/K Reference 
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C7H5 C  CH
 
476.46 326.03 [15] 
C7H6 CH
 
367.33 357.35 [71] 
C6H5C 
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C6H5CH 
CH:
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C H7 
CH2
•
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
2C6H13 CH3
C
H2
C
H2
C
H2
C
H
  
CH3
 
75.35 378.93 [126] 
C6H3O2 
C  O
O  
147.09 341.81 [15] 
C6H3O3 
O  
O
O  
-129.54 365.08 [15] 
C6H5OH 
OH
 
-82.45 321.64 [15] 
C6H5O 
O  
 
61.65 311.57 [15] 
C6H4O2 
O
O  
-121.32 323.52 [15] 
C6H5OO 
O O  
 
151.60 354.30 [15] 
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S298 
J/mol/K Reference 
2C6H13 CH3
C
H2
C
H2
C
H2
C
H
  
CH3
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C6H3O2 
C  O
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147.09 341.81 [15] 
C6H O3 
O  
O
O  
-129.54 365.08 [15] 
C6H5OH 
OH
 
-82.45 321.64 [15] 
C6H5O 
O  
 
61.65 311.57 [15] 
C6H4O2 
O
O  
- 21.32 23.52 [15] 
C6H5OO 
O O  
 
51.60 354.30 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C7H7OO CH
CH
CH
CH
CH
CH2 O O  
 
119.20 403.25 [15] 
OOC7H7P 
 
CH3OO
  
 
 
117.94 385.43 [15] 
C8H2 CH
CH
 
908.89 352.66 [15] 
C8H5(S) 
C  
 
555.46 326.08 [126] 
C8H5 C  
CH
 
624.12 342.36 [15] 
C8H6 
CH
 
317.78 331.20 [15] 
C6H5CHC 
C  
 
519.80 351.11 [15] 
C8H7 
C  
 
411.51 359.34 [15] 
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Acronym S ructure ∆fH298 kJ/mol 
S298 
J/mol/K R fer nce 
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CH
CH
CH
CH
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C7H8 
CH3
 
51.97 322.10 [15] 
C7H16 CH3
C
H2
C
H2
C
H2
C
H2
C
H2
CH3
 
-188.23 456.03 [15] 
C7H13 CH2
C
H
C
H2
C
H  
C
H2
C
H2
CH3
 
145.06 45 .15 [15] 
1C7H14 CH3
C
H2
C
H2
C
H2
C
H2
C
H
CH2
 
-63.28 501.66 [15] 
2C7H14 CH3
C
H2
C
H2
C
H2
C
H
C
H
CH3
 
-73.07 436.49 [15] 
3C7H14 CH3
C
H2
C
H2
C
H
C
H
C
H2
CH3
 
-72.02 440.73 [15] 
1C7H15 CH3
C
H2
C
H2
C
H2
C
H2
C
H2
CH2  
 
18.59 472.84 [15] 
2C7H15 CH3
C
H2
C
H2
C
H2
C
H2
C
H  
CH3
 
7.09 481.86 [15] 
3C7H15 CH3
C
H2
C
H2
C
H2
C
H
  
C
H2
CH3
 
8.09 487.97 [15] 
4C7H15 CH3
C
H2
C
H2
C
H  
C
H2
C
H2
CH3
 
8.09 485.73 [15] 
82     Appendix B 
 
Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C7H8 
CH3
 
51.97 322.10 [15] 
C7H16 CH3
C
H2
C
H2
C
H2
C
H2
C
H2
CH3
 
-188.23 456.03 [15] 
C7H13 CH2
C
H
C
H2
C
H  
C
H2
C
H2
CH3
 
145.06 458.15 [15] 
1C7H14 CH3
C
H2
C
H2
C
H2
C
H2
C
H
CH2
 
-63.28 501.66 [15] 
2C7H14 CH3
C
H2
C
H2
C
H2
C
H
C
H
CH3
 
-73.07 436.49 [15] 
3C7H14 CH3
C
H2
C
H2
C
H
C
H
C
H2
CH3
 
-72.02 440.73 [15] 
1C7H15 CH3
C
H2
C
H2
C
H2
C
H2
C
H2
CH2  
 
18.59 472.84 [15] 
2C7H15 CH3
C
H2
C
H2
C
H2
C
H2
C
H  
CH3
 
7.09 481.86 [15] 
3C7H15 CH3
C
H2
C
H2
C
H2
C
H
  
C
H2
CH3
 
8.09 487.97 [15] 
4C7H15 CH3
C
H2
C
H2
C
H  
C
H2
C
H2
CH3
 
8.09 485.73 [15] 
Appendix B                                                                                                            283 
 
Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C6H5CO CO
 
108.77 355.34 [55] 
C7H6O CH
O
 
-39.04 342.33 [15] 
C7H7O
O  
 
126. 0 359 06
C7H7OA O
CH2  
 
118.99 369.23 [15] 
OC7H7 CH3O  
 
22.87 354.68 [15] 
C7H7OH CH2
OH
 
-92.71 361.86 [15] 
HOC7H7 H3OH
 
-123.72 352.43 [15] 
C7H8OA O
CH3
 
-72.39 351.10 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C8H5OO 
CH
OO  
 
375.82 396.28 [15] 
C9H7 
 
285.58 342.82 [126] 
C9H7L CH2
C
H2
CH2  
 
531.47 370.08 [126] 
C9H8 
 
164.13 335.83 [221] 
C9H8(S) CH
CH2
 
286.30 376.70 [15] 
C9H8(T) CH2
CH
 
305.78 380.15 [15] 
C9H9(N) 
C  
C
H2
C
H
CH2
 
394.26 407.04 [15] 
C9H9(I) CH2
C  CH2
 
365.57 415.19 [15] 
C9H9(S) CH
CH2
 
214.35 356.69 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C8H7(F) 
C
H
CH
CH
C
H
C
H
CH2
 
480.56 364.00 [15] 
C8H7(P) C  CH
CH2
 
397.09 368.11 [126] 
C8H8 CH
CH2
 
149.14 345.99 [15] 
C8H9(F) 
C
H
CH
CH
C
H
C
H
C
H2
CH2
 
366.22 393.84 [15] 
C8H9 C  
 
185.64 354.34 [15] 
C8H10 
 
30.29 365.14 [15] 
C8H16 CH2CH-5(CH2)CH3 -82.90 462.37 [221] 
C8H17 CH3-6(CH2)CH2 -16.32 486.80 [221] 
C6H5C2O 
C  O
 
249.20 368.19 [15] 
C8H5O CHO
 
287.26 358.29 [15] 
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C  O
 
249.20 368.19 [15] 
C8H5O CHO
 
287.26 358.29 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C10H8L 
 
375.14 393.20 [126] 
C10H8 
 
147.64 335.46 [15] 
C10H8K 
 
360.22 368.63 [15] 
C10H8G 
 
375.49 402.18 [15] 
C9H6CH2 
CH2
 
238.45 355.60 [131] 
C10H8J 
 
381.95 403.90 [15] 
C10H9A 
C  
 
475.08 408.21 [15] 
C10H9D 
C  
 
433.78 428.40 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C9H9(P) CH2
C
H
CH  
 
381.09 399.98 [15] 
C9H9(C) 
C   
315.29 353.21 [15] 
C9H9(F) 
C
H2
CH2  
CH3  
378.85 391.22 [15] 
C9H9(T) 
C  
 
377.28 394.43 [126] 
1C9H10 
 
117.00 380.36 [222] 
2C9H10 
 
117.00 380.36 [222] 
1C9H11 
C  
 
147.18 397.42 [36] 
2C9H11 
C  
 
204.21 403.43 [36] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
3C9H11 
C  
 
209.22 403.43 [36] 
C9H12 
 
7.74 408.34 [15] 
C9H6O 
C
H
CH
O
 
54.97 352.13 [15] 
C9H7O 
C
H
CH
O
 
131.92 342.22 est. [221] 
C10H6 
CH
CH
 
554.44 381.76 [15] 
C10H7   
 
401.66 352.22 [15] 
C10H7L 
C  
 
650.04 394.28 [15] 
C10H7M 
C  
 
635.52 406.56 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C10H10K 
 
264.39 367.18 [126] 
C10H9K C  
 
460.09 398.36 [15] 
C10H9M 
C  
 
472.83 419.40 [15] 
C9H7CH3 
CH3
 
147.10 390.12 [131] 
C10H10 
 
279.36 414.96 [126] 
C10H10F 
 
256.27 410.98 [15] 
1C10H21 CH3-8(CH2)CH2 -57.75 565.99 [126] 
2C10H21 CH3-7(CH2)CHCH3 -58.99 566.73 [126] 
3C10H21 CH3-6(CH2)CHCH2CH3 -58.99 566.73 [126] 
4C10H21 CH2-5(CH2)CH-2(CH2)CH3 -58.99 566.73 [126] 
5C10H21 CH3-4(CH2)CH-3(CH2)CH3 -58.99 566.73 [126] 
C10H22 CH3-8(CH2)CH3 -250.13 544.19 [126] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C10H9 
C   
249.25 366.87 [15] 
C10H9F C  
 
361.64 380.29 [15] 
C10H9P 
C  
 
485.87 416.74 [15] 
C9H6CH3 
C  
CH3
 
255.55 347.44 [131] 
C10H9T 
C  
 
249.22 366.74 [15] 
C10H9B 
C  
 
424.68 408.01 [15] 
C10H9L 
C  
 
453.42 421.82 [126] 
C10H9E C  
 
403.44 405.78 [15] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C11H7O 
CO
 
174.92 415.82 [221] 
C11H8O 
CHO
 
30.54 415.68 [221] 
C11H9O 
CH2 O  
 
189.23 375.81 est. [11] 
AC11H9O 
O C
H2
  
 
155.20 375.81 est. [11] 
OOC11H9P 
O O  
CH3
 
284.20 465.62 est. [11] 
C11H9OO 
CH2 O O  
 
254.99 415.78 est. [126] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C10H7OO 
O O   
220.99 402.03 [15] 
C10H7O 
O   
123.14 374.07 [15] 
C10H7OH 
OH  
-30.79 368.69 [126] 
C10H6O2 
O
O  
-103.86 388.72 [15] 
C11H9 
CH2   
 
272.79 375.72 [221] 
C11H9P C  
CH3
 
357.02 375.81 [11] 
C11H10 
CH3
 
116.10 381.96 [221] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C12H11 
C  
 
220.45 426.59 [221] 
C12H12 
 
96.90 406.30 [221] 
C14H14 CH2 C
H2
 
143.14 483.24 [221] 
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Acronym Structure ∆fH298 kJ/mol 
S298 
J/mol/K Reference 
C11H10O 
CH2 OH
 
-28.47 452.86 est. [11] 
OC11H9 
O  
CH3
 
85.22 375.81 est. [11] 
HOC11H9 
OH
CH3
 
-58.77 375.81 est. [11] 
AC11H10O 
O CH3
 
0.48 452.76 Est.[11, 15] 
C12H10 
 
182.14 388.84 [221] 
1C12H10 
 
215.04 400.83 [221] 
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C. Nomenclature list
Table C.1.: Greek designations.
Designation Description
↵ Thermal di↵usivity Collision e ciency for reac-
tions
↵e Coagulation collision e ciency
↵le Lower limit coagulation collision e ciency
↵ue Upper limit coagulation collision e ciency
↵s Proportionality constant of radical sites avail-
able for acetylene addition
 i,j Coagulation/Aggregation kernel between parti-
cles in the ith and jth section
 T Transformation variable of the temperature in
statistical thermodynamics
  Ratio of specific heat capacities Correction fac-
tor for coagulation due to collision e ciency and
intermolecular forces
 hf Enthalpy of formation
 Gr Change of Gibbs free energy of a reaction
  Constant in the models of Narsimhan and Ruck-
enstein [89] Dirac delta function
 i,j The Kronecker delta
✏ Energy of a molecular state
✏0 The vacuum permittivity
⇣ 1 Relaxation time for Brownian motion (⇣ is the
particle friction coe cient)
⌘ Density weighted dimensionless coordinate
373
continued from previous page
Designation Description
⌘i,j,k Parameter that controls the distribution of par-
ticles formed by coagulation so that particle
number and mass is conserved
⇥ In this work defined parameter in the lower limit
model of Narsimhan and Ruckenstein [89]
✓ Dihedral angle
Dimensionless surface temperature
 E↵ective Knudsen number
  Thermal conductivity
 m Mean free path of gas molecules
 r Correlation length for Brownian motion
 W Parameter in the Wiebull distribution
µ Dynamic viscosity of fluid Reduced mass mo-
ment
µ0 Dimensionless viscosity Normalised reduced
mass moment
µ0 The cosine value of the largest incident angle
that will cause a collision
⌫ Stoichiometric coe cient kinematic viscosity
⇡ Mathematical constant Reduced primary parti-
cle moment
⇢ Density
⇢0 Dimensionless density
⇢e Density at edge of boundary layer
⇢s Density of soot
⌧ Residence time
⌧i,j Viscous stress tensor
  Dimensionless potential well depth between par-
ticles
 i,j Term in the mixing rule of Wilke
 0 Dimensionless velocity
 0 Potential well depth between particles
374
continued from previous page
Designation Description
  Stoichiometric ratio
Molecular spin orbital
 m Minimum potential energy for atom-atom inter-
actions of the Lennard-Jones potential
  Atomic orbital
 S Chemical amount of sites on the soot surface
available for acetylene addition per unit surface
area
 S H Number of hydrogen sites on the soot surface
per unit of surface area
 Wave function
 approx Approximate wave function
 HF Hartree-Fock wave function
 Stream function
! Incident angle
!0 Maximum incident angle to cause a collision
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Table C.2.: Alphabetic designations.
Designation Description
A Pre-exponential factor
Coe cient in the ’three-point’ method of Park
and Rogak
Parameter that is proportional to the flux of par-
ticles of reduced mass into the potential well
minimum for the lower bound model of Nar-
simhan and Ruckenstein [89]
A0 Parameter that is proportional to the flux of
particles of reduced mass into the potential well
minimum for the upper bound model of Nar-
simhan and Ruckenstein [89]
Af Parameter that is proportional to the flux of
particles of reduced mass into the potential well
minimum for the free-molecular regime
AH Hamaker constant
Amix Parameter in mixing function
Ap Surface area of a primary particle
As Total surface area of soot particles
a Parameter in the coagulation collision e ciency
expression
B Coe cient in the ’three-point’ method of Park
and Rogak
b Parameter in the coagulation collision e ciency
expression
C Cunningham slip factor Coe cient in the ’three-
point’ method of Park and Rogak Separation be-
tween two particles centre of mass
C1 to C6 and C 03 Parameters in the models of Narsimhan and
Ruckenstein [89]
Ca Van der Waals enhancement factor
CL London constant
CLJ Constant in the Lennard-Jones potential
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continued from previous page
Designation Description
Cp Specific heat capacity
Cp,m Molar specific heat capacity
Cv,m Molar specific heat capacity at constant volume
Cv,rot Contribution to Cv by rotational modes
c Concentration
Constants in the linear combination of atomic
orbitals to form molecular spin orbitals
c¯ Mean velocity of molecules
c0 Referance concentration in equilibrium equation
D Di↵usion coe cient(binary if two subscripts are
attached)
Df Fractal dimension of aggregates
Dmix Parameter in mixing function
dc Gyration diameter of aggregate
dp Particle diameter
dprim Primary particle diameter
E Electronic energy
Residence time distribution
Eˆ Energy states of a multi-molecular system
Ea Activation energy
Eapprox Approximate electronic energy
em Molar internal energy
f Body force Maxwellian relative velocity distri-
bution
F Factor incorporating exchange of internal energy
fmi Mixing function
f r Relative velocity distribution of reflected parti-
cles
fs Geometric spacing factor
G Coagulation or aggregation source term for mass
moments
g Gravitational acceleration Degeneracy of an en-
ergy level
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continued from previous page
Designation Description
gm Molar Gibbs free energy
H Coagulation or aggregation source term for pri-
mary particle moments
Hˆ Hamilton operator
h Mixture enthalpy Parameter in the models of
Narsimhan and Ruckenstein [89]
~ Reduced Planck constant
hc Chemical enthalpy
hs Sensible enthalpy
I Surface growth or oxidation rate per particle
Ji Flux of incident particles of reduced mass into
the potential well minimum
Jk Molecular flux
J 0k Transformed molecular flux
K Parameters in the truncated steady state anal-
ysis of the naphthalene chemistry
Parameter in the velocity distribution of re-
flected particles
Kc Constant in the continuum regime coagulation
and aggregation rate constant
Keq Chemical equilibrium constant
Kf Constant in the free-molecular regime coagula-
tion and aggregation rate constant
Kn Knudsen number
k Reaction rate constant
kb Boltzmann constant
kG Surface growth rate constant
kO O oxidation rate constant
kO2 O2 oxidation rate constant
kOH OH oxidation rate constant
kW Parameter in Wiebull distribution
Le The Lewis number
Lz Langragian interpolation to the point z
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continued from previous page
Designation Description
M Soot mass moment
m Mass
mr Reduced mass
m0 Mass flux
N Nucleation source term for mass and primary
particle moments
NA Avogrado number
NBin Number of bins
Nprim Number of primary particles in aggregate
NR Number of batch reactors used in discretisation
of the residence time distribution
n Particle number concentration
Exponent of the temperature in the modified Ar-
rhenius equation
nˆ Number of molecules in a system
n Chemical amount
nsp number of species
nw Inverted mean molecular mass
p Pressure Number of primary particles
P Primary particle moment
Pr The Prandtl number
Q Canonical partition function
q Heat flux Partition function Number of atoms
per volume
qe The charge of an electron
qel Partition function of electronic energy
qn The charge of an atomic nuclei
qrot Partition function for rotational energy
qtr Partition function for translational energy
qvib Partition function of vibrational energy
R Dimensionless distance parameter in the models
of Narsimhan and Ruckenstein [89]
R Universal gas constant
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continued from previous page
Designation Description
Rc The separation between the particular atom of
one particle and the centre of mass of the other
particle
RG Surface growth rate
R0G Surface growth rate per unit of area
Rk Reaction rate
Rn,e Distance between an electron and a nuclei
Roxid Oxidation rate per unit of area
R0oxid Oxidation rate
r Distance between two objects
r0 Collision radius summed with the correlation
length of Brownian motion
ra Distance between two atoms where a minimum
of the potential energy occurs
rc Collision radius
rm Distance between two particles where a mini-
mum of the potential energy occurs
Sc The Schmidt number
sm Molar entropy
T Temperature
Tad Adiabatic temperature
Tc Corrected temperature
Tmax Maximum temperature in the system
Tr Reduced temperature with respect to inter-
molecular potential minimum
t Time
U Potential energy between two particles
Up Potential energy between one particular atom
in one of the particles and all the atoms of the
other particle
u Velocity field when in tensor form, otherwise the
velocity in the x-direction
ue Velocity in the x-direction at boundary layer
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continued from previous page
Designation Description
ur Velocity in the radial direction
ur,e Velocity in the radial direction at boundary
layer
V Di↵usive velocity of a species Dimensionless ve-
locity
V Volume
V approx Correction velocity of a species calculated by the
Hirschfelder and Curtis approximation without
the correction velocity
V c Correction velocity
VLJ Lennard-Jones potential
Vn Fitting parameter for potential energy surface of
a dihedral angle
Vth Dimensionless thermophoretic drift
VvdW Van der Waals potential
v Volume of particle or fluid velocity in the y-
direction
v0 Cold gas velocity of unburned gases
Relative velocity at a large separation
vth Thermophoretic drift
W Molar mass
W¯ Mean molar mass
W (1)(1) Dimensionless function depending on the re-
duced temperature
W (2)(2) Dimensionless function depending on the re-
duced temperature
WG Surface growth source term for mass moments
Woxid Oxidation source term for mass moments
X Mole fraction
x Space variable
Y Mass fraction
y Space variable
Z Ratio between the mass of oxidant and the fuel
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continued from previous page
Designation Description
Zst Ratio between the mass of oxidant and the fuel
Zrot The number of collisions required to achieve
equilibrium between transfer between kinetic
and rotational energy
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Table C.3.: Superscripts.
Superscript Description
A Aggregation
C Coagulation of spherical particles
c Coagulation/Aggregation in the continuum
regime
f Coagulation/Aggregation in the free-molecular
regime
Forward reaction
l Lower limit
r Reverse reaction
t Coagulation/Aggregation in the transition
regime
u Upper limit
383
384
D. List of abbreviations
Table D.1.: List of abbreviations.
Abbreviation Description
6-31+G(d) Basis set
6-31G(2df,p) Basis set
6-31G(d) Basis set
AALH Aromatic-aliphatic-linked hydrocarbons
AFM Atomic force microscopy
aug-cc-
pV(Q+d)Z
Basis set
aug-cc-
pV(T+d)Z
Basis set
aug-cc-pV5Z Basis set
aug-cc-pVQZ Basis set
B3LYP Becke, three-parameter, Lee-Yang-Parr exchange-
correlation functional
BSS Burner-stabilised stagnation
C3 Contains three carbon atoms
CCSD Coupled cluster, single and double excited states
CCSD(T) coupled cluster, single and double excited states,
triple excited states accounted for by perturbation
theory
CISD Configuration interaction, single and double ex-
cited states
DFT Density functional theory
G3MP2B3 Gaussian-3 theory with second order perturbation
theory and DFT geometry and vibrational frequen-
cies (composite energy method)
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continued from previous page
Abbreviation Description
G3largeXP Basis set
G3MP2large Basis set
G3MP2largeXP Basis set
G4 Gaussian-4 theory (composite energy method)
G4MP2 Gaussian-4 theory with second order perturbation
theory (composite energy method)
HC Hydrocarbon
JANAF Joint-Army-Navy-Air Force
JSR Jet-stirred reactor
MIT Massachusetts Institute of Technology
MOMIC Method of moments with interpolative closure
MP2 Mo¨ller-Plesset second order perturbation theory
MP4 Mo¨ller-Plesset fourth order perturbation theory
NASA National Aeronautics and Space Administration
NIST National Institute of Standards and Technology
ODE Ordinary di↵erential equation
PAC99 Properties and Coe cients 99 (computer program)
PAH Poly-cyclic aromatic hydrocarbon
PBE Population balance equation
PCAH Peri-condensed aromatic hydrocarbons
PDE Partial di↵erential equation
PM Particulate matter
PFR Plug flow reactor
PSD Particle size distribution
p.w. Present work
QCISD(T) Quadratic configuration interaction, single and
double excited states, triple excited states ac-
counted for by perturbation theory
RTD Residence time distribution
SLPM Standard litres per minute
TEM Transmission electron microscopy
WSR Well-stirred reactor
ZPE Zero-point energy
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